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. ANTIBIOTIC SUBSTANCES— 
CONTRIBUTION OF THE MICROBIOLOGIST* 


By Seuman A. WAKSMAN 


New Jersey Agricultural Experiment Station, Rutgers University, 
New Brunswick, New Jersey 


Just about five years ago, at the meetings of the Society of American 
Bacteriologists in Saint Louis, during Christmas 1940, the author was 
requested to preside over a round table discussion on the subject of the 
production of antibacterial substances by microorganisms. Both the 
organizer of that round table, Dr. Dubos, and the proposed Chairman 
failed to secure enough participants for that two-hour discussion. No 
better example can serve to illustrate the tremendous progress made in 
this new branch of science, namely that of Antibiotics, than to point to 
this Conference which we are about to open. It was, now, not a ques- 
tion what subjects to discuss and what speakers to invite, but to decide 
what could be left out and who among the numerous workers on this 
subject were most able to represent the various aspects of this field of 
research and application. Certain important aspects of the subject had 
to be left out entirely. It is sufficient to mention, for example, the 
chemistry of the antibiotics, other than penicillin, the mode of action 
of antibiotics upon bacteria, the increased resistance of bacterial strains 
to a given antibiotic, and others. 

Various. sciences have contributed to the development of the science 
of antibiotics, but none more than microbiology and chemistry. The 
resulting practical applications have been outstanding, but none has 
been more important than in the treatment of human diseases. 

The contribution of the microbiologist to the science of antibiotics 
has proceeded along four distinct paths, which can be briefly summar- 
ized as follows: 

1. The Fate of Disease-producing Bacteria that Find Their Way 
Into the Soil. With the rapid progress of medical bacteriology dur- 
ing the seventh and eighth decades of the last century, fear was ex- 
pressed that pathogenic bacteria which find their way continuously into 
the soil may render the latter a source of infections and epidemics. 
A careful study, therefore, was undertaken of the bacterial population 


* Journal Series Paper, New Jersey Agricultural Experiment Station, Rutgers University, Depart- 
ment of Microbiology. 


(35) 


36 ANNALS NEW YORK ACADEMY OF SCIENCES 


of the soil and of the survival of pathogenic organisms in the soil. The 
results obtained from these investigations failed to substantiate the 
above assumption. On the contrary, it was found that the great ma- 
jority of disease-producing bacteria rapidly die out in the soil. It was 
even suggested that this may be due to the activities of the native-soil 
microbiological population. Although a number of antagonistic or- 
ganisms were isolated, and methods developed for measuring their anti- 
bacterial properties, no attempt was made, in most instances, to obtain 
the active agent in pure form and to apply it for the control of 
infections. 

2. Studies of Mixed Infections. Beginning with the first observa- 
tion of Pasteur, in 1877, that anthrax may not develop in infected 
animals when accompanied by common bacteria, it was repeatedly 
shown that mixed infections do not behave in a manner similar to in- 
fections caused by pure cultures of pathogenic bacteria. The non- 
disease-producing, or the saprophytic, organisms that accompany the 
pathogenic forms in the mixed culture modify considerably the ac- 
tion of the latter, and frequently repress them completely. Although 
Cantani first attempted, in 1885, to utilize this phenomenon for the 
control of infections, no important practical results were obtained 
from these observations, due to the impossibility of controlling the 
relative development of the pathogen and the saprophyte. 

3. The Gradually Accumulating Information Concerning the Micro- 
biological Population of the Soil; This information has yielded a bet- 
ter understanding of the specific composition of the complex microbial 
population, of the occurrence of various fungi, bacteria, and actino- 
mycetes, and of the associative interrelations among the members of 
this population. These interrelations comprise both synergistic and 
antagonistic effects. It was shown that some of these effects can be 
utilized in the control of important plant diseases. The addition of 
certain forms of organic matter to the soil results in the development 
of a specific microflora which can keep in check the growth of certain 
plant pathogens. 

4. Accidental Observations of the Effects of One Organism upon An- 
other, Growing upon a Culture Plate or in a Liquid Medium. Numer- 
ous observations of this nature have been made by the plant pathologist, 
in his studies of the effects of one fungus upon another; by the soil 
microbiologist, in his observations of crowded plates made from soil 
suspensions; even by the medical bacteriologist, on bacterial plates con- 
taminated, by chance or on purpose, by a fungus or by an actinomyces. 
Such observations frequently led to important deductions, as was the 
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case of the observation made by Fleming, in 1929, concerning the anti- 
bacterial action of a green mold, later identified as Penicillium notatum. 
This observation led Fleming to designate the active substance pro- 
duced by the mold as penicillin. Although penicillic acid and gliotoxin 
have been isolated before penicillin, and although extracts of Asper- 
gillus fumigatus have been utilized by Vaudremer, as far back as 1913, 
for the treatment of tuberculosis infections, neither of these observa- 
tions and conclusions led to any such spectacular developments as 
those made by Fleming. 

Thus, a considerable amount of information has gradually accumu- 
lated concerning the production by microorganisms of chemical sub- 
stances, designated as antibiotics, which possess marked antibacterial 
properties. Some of these substances are formed by bacteria; others 
are produced by fungi; still others, by actinomycetes. Finally, when 
Dubos demonstrated, in 1939, that microorganisms can be isolated from 
the soil which have the capacity to produce, under certain conditions 
of culture, substances that not only possess antibacterial properties 
in vitro, but are also active in vivo, thus offering promise as agents to 
be utilized for chemotherapeutic purposes, a marked stimulus was 
given to the development of the subject of antibiotics. This led to a 
reexamination of the phenomena of antagonistic effects of various mi- 
croorganisms, and to a comprehensive study of the production by micro- 
organisms of antibacterial agents and their possible utilization for dis- 
ease control. A number of antibiotic substances have been isolated. 
However, only two of these may be considered in further detail: name- 
ly, penicillin nd streptomycin. 

Although Fleming’s original observation has commonly been re- 
ferred to as accidental, it must be emphasized that he fully recognized 
that penicillin had a “strong inhibitory effect on many of the common 
bacteria which infect the human body, but which was not toxic to ani- 
mals or to human leucocytes.” He also visualized the potentialities of 
this substance, as shown by a further statement that “it is likely that 
it, or a chemical of a similar nature, will be used in the treatment of 
septic wounds.” Fleming, however, did not isolate the new agent from 
the culture medium and failed to find immediate practical application 
for it. It remained in the medium, in a very dilute form, and no ef- 
fort was made to determine its chemotherapeutic properties. 

Florey, Chain, and their associates, comprising the Oxford group, 
must be credited with having established the potentialities of penicillin 
as an agent for the treatment of disease. This team of chemists, bac- 
teriologists, and pathologists undertook a survey of the ability of vari- 
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ous microorganisms to inhibit the growth of bacteria. In the words of 
the authors, “It occurred to two of them that it would be profitable to 
conduct a systematic investigation of the chemical and biological prop- 
erties of the antibacterial substances produced by bacteria and molds.” 
Out of the various antibiotics already known and recorded in the scien- 
_ tific literature, they gave first consideration to pyocyanase and peni- 
cillin. They soon discovered that the latter offered the greater promise. 
Suitable methods were developed for growing the fungus; for isolat- 
ing the antibiotic agent, penicillin, from the medium; for testing its 
antibacterial properties; and for establishing that it can be used thera- 
peutically, for the control of certain important human diseases. These 
investigators were also responsible for bringing to the attention of the 
American medical world and of American industrial organizations the 
great potentialities of this new antibiotic, as an agent for combating 
certain serious human diseases. 

It remained, finally, for American industry to make possible the pro- 
duction of penicillin. The yield of penicillin in the medium, as a re- 
sult of the growth of the fungus Penicilliwm notatum, was increased 
from 2-4 Oxford units per milliliter to 200 and 1,000 units per milli- 
liter. New and very active strains of the penicillin-producing fungi 
were isolated. Finally, the deep or submerged method for the produc- 
tion of penicillin on a large practical scale was developed. Penicillin 
was isolated, crystallized, and its chemical nature determined. This 
remarkable development in the production of penicillin has, finally, led 
to a rapid rise in its use, on a scale never dreamed of even 3 or 4 
years ago. : 

The development of streptomycin has taken place in somewhat dif- 
ferent, although comparable, stages. The story of this antibiotic is 
that of a search for an agent capable of exerting bacteriostatic and bac- 
tericidal effects upon gram-negative bacteria, a substance active against 
these organisms, not only in the test tube but also in the animal body, 
yet not very toxic, nor exerting otherwise undesirable effects upon the 
body, a substance that would not be inactivated by the body fluids and 
that would, therefore, offer chemotherapeutic potentialities. 

Soils, composts, and other natural substrates harbor large numbers 
of organisms capable of producing antibiotic substances. Some of 
these organisms form more than one type of antibiotic. These sub- 
stances vary greatly, in chemical nature, in selective antibacterial 
properties, in toxicity to animals, and in their activity in the animal 
body. It soon became apparent that, in order to isolate the desirable 
kind of antibiotic substance, detailed surveys of large numbers of mi- 
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croorganisms would have to be made; suitable media for the growth 
of such organisms and proper methods for their isolation from the medium 
had to be developed. Within a period of five years, nearly ten thou- 
sand such cultures were examined, before streptomycin was obtained. 

Although the question of the control of human and animal diseases 
caused by various bacteria may now be viewed with considerable opti- 
mism, 1t cannot be considered as having been solved. There still re- 
main a number of problems that face the investigator and that require 
further elucidation. Chief among these, is the increasing resistance or 
fastness of certain strains of bacteria to given antibiotics, after pro- 
longed contact. Thus, there may develop penicillin-resistant gonor- 
rhoea strains, as well as staphylococcus and streptococcus strains. 
This phenomenon may prove to be of particular importance, in the 
case of chronic diseases like undulant fever or tuberculosis, where pro- 
longed treatment with a single agent, such as streptomycin, may result 
in the development of resistant strains. Further, even the naturally 
occurring strains show marked variation in their sensitivity to a given 
antibiotic. Certain bacteria, like Pseudomonas aeruginosa, are them- 
selves capable of producing antibiotic substances. This may be the 
reason for the greater natural resistance of this organism to the action 
of various antibiotics. A number of diseases, notably the many infec- 
tions caused by viruses, are hardly affected by antibiotics. 

The coordinated efforts of the microbiologist, the chemist, the phar- 
macologist, and the clinician, will finally lead to the control of these 
and many other diseases that are now plaguing mankind. The micro- 
biologist will have made his contribution, by the isolation of new mi- 
crobes, capable of forming non-toxic substances active against various 
disease-producing organisms; by developing methods for the optimum 
growth of these organisms and for measuring their antibacterial activi- 
ties; by helping to elucidate the mode of action of antibiotics upon the 
disease-causing agents; and, finally, by evaluating the practical poten- 
tialities of antibiotic substances as chemotherapeutic agents. 

The purpose of these papers is not only to summarize our present 
knowledge of antibiotics and their application, but to call attention to 
the problems that still await solution. 


’ 
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THE DEVELOPMENT OF IMPROVED PENICILLIN- 
PRODUCING MOLDS 


By Kenneru B. Raper 


Fermentation Division, Northern Regional Research Laboratory,* Peoria, Illinois 


In reporting the discovery of penicillin, Fleming (1929) referred to 
the responsible mold as Biourge’s Penicillium rubrum. Subsequently, 
Raistrick sent this culture to Thom,** who diagnosed it as closest to 
Penicillium notatum Westling. This corrected nomenclature was ac- 
cepted by Raistrick and co-workers, and by Fleming, and was incor- 
porated in their papers published in 1932. It likewise gave direction 
to the search for better penicillin-producing molds, when such a search 
assumed unexpected significance, following the work of Florey, Chain, 
Heatley, et al., in 1940 and 1941. 

All of the early studies on penicillin production were made with the 
original Fleming strain (PLATE 1, FIGURE 2), and, during this period, 
the idea seems to have developed that this particular strain was unique 
in its capacity to produce penicillin. This view was questioned, soon 
after work was initiated at the Northern Regional Research Laboratory, 
in July 1941, since it was at variance with our experience in other mold 
fermentations (e.g., citric and gluconic acids). Cultures belonging to 
the Penicillium notatum-chrysogenum group, then contained in the 
NRRL Collection (about 35 in number), were tested for their capacity 
to produce penicillin, and almost all proved to be positive (Moyer and 
Coghill). No other strain was found to produce yields equal to the 
Fleming strain, when grown in surface culture, but a second strain of 
Penicillium notatum, NRRL 832, was found to produce greater yields 
than the Fleming strain, when grown submerged (Moyer and Coghill’). 
Yields with 832 in submerged culture were low, when compared 
upon a units/ml. basis with surface yields obtained from the Fleming 
strain, but the culture seemed to offer great promise, when considered 
from the standpoint of its industrial potential. Subsequently, it was 
generally adopted by industry and was employed, for many months, 
for the production of penicillin in deep culture. It was thus apparent: 
(1) that the capacity to produce penicillin as a metabolic product rep- 
resented a group, rather than a strain or specific character; (2) that 


* This is one of four regional laboratories operated by the Bureau of Agricultural and Indus- 
trial Chemistry, Agricultural Research Administration, U. S. Department of Agriculture. 
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different members of the group varied greatly in their capacity to pro- 
duce penicillin; and (3) that particular strains were especially suited 
for certain types of production. 

Concurrent with this development, it was found that good penicillin- 
producing strains were often subject to considerable variation in labora- 
tory culture, and that substrains of differing productivity could be sep- 
arated out and maintained in culture. Strain NRRL 1249.B21 (PLATE 
1, FIcuRE 3), of monospore origin, was developed from the Fleming cul- 
ture, in this manner, in late 1942. This strain was noteworthy for its 
capacity to produce substantially increased yields of penicillin, when 
grown in surface culture (Moyer and Coghill”). It found immediate 
acceptance in this country and in Great Britain, and it is still em- 
ployed, wherever penicillin is produced by this method. It has, also, 
been employed for the production of penicillin by the “bran-process,” 
and for the preparation of surgical dressings, a development which at- 
tained some proportions in Hawaii and the South Pacific Area, during 
the war (Carpenter, Weller, and Martin®; Larsen*®; and Agmar’). 
For detailed information regarding the sources and cultural character- 
istics of strains NRRL 832 and 1249.B21, the reader is referred to the 
paper by Raper and Alexander”*, on mycological aspects of penicillin 
production. 

The search for better penicillin-producing molds was rapidly ex- 
panded in 1943. At the Northern Regional Research Laboratory, a 
program was undertaken to isolate from nature as many representatives 
of the Penicillium notatum-chrysogenum group as possible, and to test 
these for their capacity to produce penicillin (Raper, Alexander, and 
Coghill?’). Strains were isolated from food products, fruits and vege- 
tables, and from soils collected from numerous stations in the United 
States and in many foreign countries (the Air Transport Command 
assisted us materially in securing the latter). In the handling of 
these cultures, a simple screening test was developed, which effectively 
weeded out the less productive strains, while the more promising ones 
were studied thoroughly in surface, and in shaken-flask, cultures. A 
general correlation was observed between cultural and morphological 
characteristics and penicillin-producing capacity of these isolated cul- 
tures.27_ No strains were isolated from nature which exceeded NRRL 
1249.B21 for the production of penicillin in surface culture, but a lim- 
ited number of strains were found which produced yields in excess of 
NRRL 832, when grown submerged. Of these latter cultures, Peni- 
cillium chrysogenum NRRL 1951 (isolated from a cantaloupe collected 
in Peoria, Illinois) was found to be extremely variable in culture, and 
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from it, a series of superior producing substrains was obtained, includ- 
ing NRRL 1951.B25 and the justly famous strains, X-1612 (see page 
45) and Wis. Q-176. The capacity to produce penicillin, in surface and 
in submerged culture, was tested in lactose-steep liquor media, as sub- 
sequently reported by Moyer and Coghill.2" 22. For detailed informa- 
tion, regarding the survey, the reader is referred to our original paper.” 

An intensive study of natural variation in selected strains was also 
undertaken as a possible means of securing more productive types 
(Raper & Alexander’). Substrains of NRRL 1249.B21 were repeated- 
ly isolated and tested, but none of these was found to be superior to 
the parent culture. Variation was principally in two directions: (1) 
_ Increased sporulation and pigment production, suggestive of the origi- 
nal Fleming type; and (2) reduced exudate formation and decreased 
sporulation in the direction of sterile colonies. Yields of penicillin 
declined markedly, as the culture differed increasingly, in either direc- 
tion, from the typical 1249.B21 type.* Attempts to isolate various 
substrains from NRRL 832 failed to produce any markedly superior 
penicillin-producing cultures, but did reveal some striking cultural 
variants, including one substrain characterized by a striking red to 
light purple coloration. Outstanding success was realized in the de- 
velopment of high-yielding strains from NRRL 1951 (PLATE 2, FIGURE 
4). When first tested, this strain produced yields, in submerged cul- 
tures, slightly in excess of NRRL 832. Its potentialities became evident, 
when colonies in streak-plate cultures seeded from week-old shaken 
flasks developed conspicuous sectors, and when the subcultures from 
these were found to produce greatly increased yields, both in surface 
and in submerged cultures. Repeated cultivation and reisolation of 
new substrains, from dilution plates and from sector variants in giant 
colonies, yielded numerous high-producing strains. Of these, NRRL 

1951.B25 (PLATE 2, FIGURE 5) appeared to possess a slight advantage, 
although it was neither culturally very different from some other iso- 
lates, nor was it a markedly better penicillin producer. This strain 
produced yields in surface cultures, equal to, or slightly in excess of, 
NRRL 1249.B21 and was less sensitive to temperatures above 24°-25° 
C., but its greater pigment production precluded its adoption by the 
surface culture industry. Its principal value stemmed from its be- 
havior in submerged culture, where yields approximately double those 
for NRRL 832 were usually obtained. As in the case of NRRL 1249.- 
B21, continued investigation of natural variations in strain 1951.B25 


* Schatz, A., & S. A. Waksman*™ have reported a similar reduction in strepto- 
mycin-producing capacity in non-sporulating strains of Actimomyces griseus, 
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failed to reveal any subculture capable of producing higher penicillin 
yields than the parent stock, although the widest variety of cultural 
types was separated out and tested (Raper and Alexander”*). 

Through a similar selection of natural variants, higher yielding 
substrains have since been developed from other basic stocks, such as 
Penicillium chrysogenum, Minn. R-18 (= NRRL 1984). In these 
cases, also, certain increased levels of productivity were reached, be- 
yond which no further improvement was made, although the selection 
and examination of naturally occurring cultural variants were con- 
tinued. 

By the beginning of 1944, it was obvious that additional cultures, 
capable of producing satisfactory yields of penicillin, could, in all prob- 
ability, be isolated from nature. It was likewise clear that processes of 
natural variation and selective subculturing could probably be utilized 
to secure more productive substrains from some of the new cultures 
thus obtained. The possibility of developing improved penicillin-pro- 
ducing cultures, through the production of induced mutations by means 
of ultraviolet and X-ray radiation, or other artificial means, appeared 
promising.* Possessing this information, and faced with the demand 
for ever-increasing amounts of penicillin, the Office of Production Re- 
search and Development of the War Production Board set up projects 
at the University of Minnesota, the University of Wisconsin, Stanford 
University, and the Carnegie Institution of Washington (Cold Spring 
Harbor, Long Island), to explore vigorously each of the above ap- 
proaches. In this work, attention was directed, primarily, toward the 
development of better “submerged” cultures, since it was then obvious 
that this type of production was most feasible. 

At the University of Minnesota, attention was directed, primarily, 
toward the isolation of new strains from soil and other natural sources. 
One culture of outstanding merit, Minn. R-13, was discovered, which 
has been widely studied and from which industrially important sub- 
strains have been developed, through natural variation and induced 
mutation (see, also, page 47). At the University of Wisconsin, strain 
variation was investigated by one group, and the metabolism of peni-: 
cillin-producing molds by another. The far-reaching results of this 
work are being reported to this conference by Professor Johnson.?° 
At Stanford University and at the Carnegie Institution, attention 


*Tn our own laboratory, improved itaconic acid-producing strains of Aspergillus terreus had 
been obtained from ultraviolet irradiated conidia.14 9, 18,15 At Stanford University, Beadle, 
W., & E. L. Tatum,’ *, % and associates had produced a whole series of mutations in Neuro- 
spora, characterized by altered physiological and biochemical characteristics, It seemed entirely 
reasonable to hope that penicillin production might be enhanced by the blocking or altering of 
enzyme systems, 
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was directed, primarily,-toward the production of artificially in- 
duced mutations from known good strains, such as NRRL 1951.B25, 
by exposing conidia to ultraviolet and X-ray radiations. At Stanford, 
alone, more than 60,000 isolates were tested, and a limited number of 
strains was found to produce somewhat better yields than the parent 
stocks. At the Carnegie Institution, a much smaller number of cul- 
tures was irradiated, but of these, one strain was produced which, for a 
time at least, warranted the title, “super strain,” namely X-1612 (PLATE 
3, FIGURE 6). The production of this culture should be regarded as a 
joint endeavor. The stock was supplied by the Fermentation Division, 
Northern Regional Research Laboratory; the irradiation was per- 
formed by Dr. Demerec and associates at the Carnegie Institution, in 
Cold Spring Harbor; the initial and indicative production tests were 
made at the University of Minnesota, by Drs: Christensen and Ehr- 
lich; and the real magnitude of its superiority was demonstrated, at 
the University of Wisconsin, by Professors Peterson and Johnson in 
80-gallon fermenters. To the microbiologist and chemist alike, it is 
of particular interest that strain X-1612 differs from the parent, primar- 
ily, in biochemical activity, and little, if at all, in cultural or struc- 
tural detail. Maximum yields obtained with the parent 1951.B25 
have ranged around 250 u./ml., while yields in excess of 500 u./ml. 
have been obtained with the mutant, X-1612 (Johnson®*). Cul- 
turally and microscopically, the strain resembles closely the parent 
stock and, in the studies that we have made, it has been found to be 
equally variable in culture. Fortunately, in this strain, as in the par- 
ent, NRRL 1951.B25 (Raper and Alexander”*), maximum production 
seems to be associated with a particular cultural aspect. Once this is 
recognized, the maintenance of productive stocks does not prove diffi- 
cult. 

More recently, a much higher yielding strain has been developed 
from X-1612 by Professors Backus and Stauffer, at the University of 
Wisconsin. By irradiating conidia of X-1612 with ultraviolet, a mu- 
tant, designated Q-176 (PLATE 3, FIGURE 7), has been obtained, which is 
capable of producing yields of penicillin in excess of 900 u./ml., under 
favorable conditions (Backus, Stauffer, and Johnson*). Regarding the 
production of this outstanding mutation, Dr. Backus wrote (personal 
communication) as follows: “A monoconidial line was selected from 
X-1612 to be the ‘parental’ form for this irradiation series. A stirred 
standardized spore suspension of this race was irradiated at 2650 A. 
The majority of the conidia perished. The survivors were allowed to 
germinate on plates and several hundred isolates were thus obtained. 
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When tested in shake-flasks, Q-176 gave us a yield very considerably 
higher than its parent............ Q-176 was also tried out in the 
Biochemistry tanks and here also gave very much better yields than 
X-1612. In fact, the differential was greater than in shake-flasks.” 

Culturally and morphologically, strain Q-176 bears a striking re- 
semblance to the parent strain, X-1612, and the “grandparent,” 1951. 
B25. In agar plate cultures, there is an evident, but not particularly 
marked, progressive reduction in rate of growth from 1951.B25 to 
X-1612 to Q-176 (FicuRES 5, 6, and 7). But colony patterns remain 
essentially the same, and the production of atypical varieties of Pent- 
cilliwm as reported for 1951.B25 by Raper and Alexander,”* is fairly 
consistent in both X-1612 and Q-176. Like the parent strains, 1951. 
B25 and X-1612, Q-176 is culturally unstable and tends to produce 
variants, differing in cultural aspects and in penicillin production. The 
strain represents, primarily, a biochemical, rather than a cultural or 
morphological, mutation: 

We now know that members of the Penicilliwm notatum-chrysogenum 
group, even in the absence of special growth supplements, produce at 
least four different penicillins, known in the United States as F, G, X, 
and K (Coghill and Koch®), and that two or more of these may be pro- 
duced in the same culture broth. Since these penicillins differ from 
each other in chemical characteristics and in their inhibitory effect upon 
susceptible bacteria, it has long seemed reasonable that they might 
possess different possibilities in clinical practice. Some supporting evi- 
dence has been reported. More than a year ago, Welch and asso- 
ciates** reported penicillin X to be more effective than commercial 
penicillin, which was primarily penicillin G, for the treatment of gonor- 
rhea. More recently, Ory and associates?* have reported various types 
of cocci to be from two to eight times more sensitive to preparations 
containing 65 per cent or more of penicillin X, than to commercial 
penicillin. Similarly, Libby and Holmberg™’ have found penicillin X 
more effective than penicillin G against a number of different bacteria, 
including various types of streptococci and pneumococci. Flippin 
et al."* reported the successful use of penicillin X, in the treatment of a 
case of bacterial endocarditis (Streptococcus viridans) which had failed 
to respond to repeated administrations of commercial penicillin. 

Because of the anticipated possible therapeutic significance of this 
penicillin, and because of its interesting chemical possibilities, we set 
about, in March 1945, to secure, if possible, a culture capable of pro- 
ducing substantial yields of penicillin X in submerged culture. While 
penicillin X was first isolated from surface fermentations with NRRL 
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1249.B21, and while the material available for clinical use and chemical 
Investigations, up to the present time, has come from this source, it 
was realized that a good “submerged” strain would be required, if peni- 

cillin X were to be made in quantity. Several of our best producing 
strains were investigated. Of these, NRRL 1984.A, a naturally-occur- 
ring variant of Minn. R-13, selected at the Northern Regional Research 
Laboratory, showed the highest ratio of penicillin X, amounting to more 
than 15 per cent by assay in drum fermentations, and up to 25 per cent 
in shaken-flask cultures. Attempts to develop natural variants, char- 
acterized by increased penicillin X production, were unsuccessful. By 
irradiating conidia of the same strain with ultraviolet (primarily, 
2537 A), however, a substrain, designated NRRL 1984.N22, was ob- 
tained that gave satisfactory total yields, of which approximately 50 
per cent represented penicillin X (Raper and Fennell?®). In 600- 
liter vat fermentations, total yields of approximately 200 u./ml. have 
been obtained in 90 hours. As indicated by differential assay, and as 
subsequently shown by actual isolation, penicillin X represented ap- 
proximately 50 per cent of the total potency, as measured in Staphylo- 
coccus units/ml., or about 65-70 per cent of the total, upon a weight 
basis. Culturally and morphologically, this high penicillin X-produc- 
ing mutant closely resembles the parent strain, and both fit reasonably 
well our species concept for Penicillium chrysogenum Thom. 

Parallel with the work already reviewed, other investigators have 
made extensive surveys, searching for molds capable of producing peni- 
cillin or other valuable antibiotics. While tests have by no means been 
confined to the Penicillia and the Aspergilli, attention has been centered, 
quite naturally, upon these two abundant and cosmopolitan genera. 
Almost without exception, whenever penicillin, or penicillin-like sub- 
stances, have been reported from molds, the species responsible have 
--been found to represent one of these two genera. In view of the rapid 
developments in this field, no list can long remain up to date. Never- 
theless, the following summary is believed to be currently complete, or 
nearly so: Penicillin or penicillin-like substances have been reported 
from Aspergillus flavus, by Bush and Goth® (“flavicin”); by McKee 
and MacPhillamy” and McKee, Rake, and Houck”? (“flavicidin”) ; by 
Waksman and Bugie®’ (“flavicin”) ; and by Dr. R. G. Benedict, at the 
Northern Regional Research Laboratory (unpublished). Cook and 
Lacey? (“parasiticin”), and Benedict have likewise reported a peni- 
cillin-like substance from Aspergillus parasiticus, a species closely re- 
lated to Aspergillus flavus. Aspergillus oryzae is listed as weakly posi- 
tive, by Waksman and Bugie,” and as positive, by Foster and Karow.”* 
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Philpott?* reported a penicillin-like substance, “gigantic acid,” from 
Aspergillus giganteus. Penicillin-like substances have also been re- 
ported from Aspergillus flavipes, by White,?° Foster and Karow,** and 
Benedict; from Aspergillus nidulans, by Foster and Karow;** and from 
Aspergillus nidulans and the closely related species, Aspergillus caespi- 
tosus, by Benedict; from Aspergillus niger, by Foster and Karow;* 
and from Aspergillus sydowi, by Benedict and by Robbins (both 
unpublished). 

Members of the Penicillium notatum-chrysogenum group character- 
istically produce penicillin in greater or less amount (Moyer and Cog- 
hill,24 and Raper, Alexander, and Coghill??). For this reason, a listing 
of reported penicillin production by species belonging to this group as 
it is considered by Thom under the group name, “Radiata” (The 
Penicillia, pages 259-269**), is regarded as superfluous. A few addi- 
tional species deserve more attention. Florey et al.1* reported peni- 
cillin-like substances from Penicillium avellaneum, P. rubens, and 
P. turbatum, in addition to two members of the P. notatum-chrysoge- 
num group, P. baculatum and P. fluorescens. At about the same time, 
Dr. L. J. Wickerham, of the Northern Regional Research Laboratory, 
using a bacterial spectrum plate technique, obtained positive results 
with P. avellaneum, P. rubens, and cultures believed to represent P. 
lanosum, P. roseo-citreum, and P. griseo-fulvum, while individual strains 
of P. spinulosum and P. turbatum were found to produce both penicillin 
and spinulosin (unpublished data). Penicilliwm avellaneum is a well- 
defined species and is not regarded as closely related to the P. notatum- 
chrysogenum group. Penicillium turbatum-and P. spinulosum are 
monoverticillate forms and, hence, clearly different from P. notatum, 
ete. Penicillium rubens may warrant species recognition, but bears a 
striking resemblance to the P. notatum-chrysogenum group. P. lano- 
sum, P. roseo-citreum, and P. griseo-fulvum have been regarded as dis- 
tinct. species and have been placed in different sections of the genus 
from P. notatum, etc. (Thom**), but the strains tested possess certain 
cultural characteristics (e.g., colony pattern, pigmentations, and exu- 
date formation) strongly suggestive of this group and may, in fact, be- 
long with it. It is believed to be of real significance that, in the genus 
Penicillium, with the exception of P. avellaneum and the provisional 
exception of P. spinulosum and P. turbatum, penicillin and penicillin- 
like compounds have been reported only from members of the P. no- 
tatum-chrysogenum group and certain other additional species that are 
believed to be closely allied to it. In the genus Aspergillus, the pro- 
duction of penicillin-like substance seems to be more general, but ap- 
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pears to be most commonplace among strains belonging to the Asper- 
gillus flavus group. 

Outside of these genera, Peck and Hewitt? have reported the pro- 
duction of a penicillin-like antibiotic by the dermatophyte, Tricho- 
phyton mentagrophytes. 
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Ficure 1. Diagram showing the general correlation between the monthly production of peni- 
cillin, from July 1943 to December 1945, and the development of new industrially important strains. 
In such a presentation, it is impossible to differentiate between increases in production, due to new 
facilities and improved operational practices, on the one hand, or to the advent of higher-yielding 
cultures, on the other hand. However, the contribution of the latter has been very substantial. 
Essentially the same culture solution is employed to obtain 400-500 u./ml., with X-1612, as was 
earlier employed to obtain 75-90 u./ml., with NRRL 832. 


Extensive surveys have been made by Wilkins and Harris,*°** 
in England, and by Robbins e¢ al.,*1 in this country, covering a wide 
variety of filamentous and fleshy fungi. Representatives of many spe- 
cies have been found to produce antibiotic substances, but, as yet, the 
activity and properties of these substances have not been adequately 
defined. As a result of additional studies now in progress, it may de- 
velop that some of these antibiotics represent penicillin and that we 
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shall have to regard the formation of this metabolic product as a com- 
monplace phenomenon. But, today, this prospect is not in sight. 
With one known exception, penicillin production appears to be limited 
to the Aspergilli and Penicillia, and is especially characteristic of a 
particular group within the latter genus. Inside this group, the num- 
ber of basic strains that are outstanding is limited, and from these 
have been developed our present high-yielding substrains, by the selec- 
tion of natural variants and by the production of artificially induced 
mutations. One cannot, of course, predict the source of high-yielding 
strains yet to be discovered. However, upon the basis of our present 
knowledge, it seems probable that they, too, will come from the Pent- 
cillium notatum-chrysogenum group, by an extension of techniques 
already in common use. (Note FIGURE 1.) 
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Puate 1 


Ficure 2. Penicillium notatum, NRRL 824, the unimproved Fleming strain, 
as used in early penicillin investigations. 


Fiaure 3. Penicillium notatum, NRRL 1249.B21, an improved substrain de- 
veloped from the Fleming culture. It was widely used for the production of peni- 
cillin, by the surface culture method. ; 
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Puate 2 


Ficure 4. Penicillium chrysogenum, NRRL 1951, a strain isolated from a canta- 
loupe, at the Northern Regional Laboratory. Capable of producing approximately 
100 u./ml. of penicillin, in submerged culture, it is of primary interest and im- 
portance as the source of greatly improved substrains. 


Ficurn 5. Penicillium chrysogenum, NRRL 1951.B25, a natural variant of 
NRRL 1951, capable of producing up to 250 u./ml. of penicillin, in submerged 
culture. 
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PuaTE 3 


Ficure 6. Penicillium chrysogenum, X-1612, an X-ray-induced mutation of 
NRRL 1951.B25, capable of producing more than 500 u./ml. of penicillin, in sub- 
merged culture. 


Figure 7. Penicillium chrysogenum, Wis. Q-175, an ultraviolet-induced muta- 
tion from X-1612, capable of producing more than 900 u./ml., of penicillin, in 
submerged culture. 
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METABOLISM OF PENICILLIN-PRODUCING 
MOLDS 


By M. J. Jounson 


Department of Biochemistry, College of Agriculture, University of 
Wisconsin, Madison, Wisconsin 


Standard procedure,” * * in penicillin production, involves growing a 
mold of the genus Penicillium on a medium containing a carbohydrate 
source (usually lactose) and a source of nitrogenous material (usually 
corn steep liquor). ‘Synthetic’ media, in which inorganic nitrogen 
sources are employed, have been used, but have not been found to give 
yields, in large scale fermentations, equal to those obtained on steep 
liquor media. The mold grows throughout the medium, and must 
be kept supplied with an adequate amount of air. In laboratory flasks, 
aeration may be accomplished by continuous shaking, but, in larger 
containers, stirring and aeration are used. 

There is a definite and intimate relationship between the amount of 
penicillin yielded by the fermentation and the chemical changes, in the 
growth medium, brought about by the metabolism of the mold. The 
penicillin yield, with a given culture, is a function of such variables as 
pH, available oxygen, rate of carbohydrate oxidation, and available 
combined nitrogen. The reason for the superiority of one medium over 
another can usually be correlated with the differences in metabolic 
changes occurring in the two media.*? The superiority of one level of 
aeration over another is also closely correlated with the changes in 
metabolism caused by variation in air supply. A study of the chem- 
ical changes occurring in the medium, during the penicillin fermenta- 
tion, is, therefore, of interest, not only from a scientific standpoint, but 
also from the viewpoint of the industrial producer of penicillin. 


AERATION 


One of the factors which influence the quantity of air needed in sub- 
merged Penicillium fermentations is the rate of oxidation of carbo- 
hydrate. Tapin 1 gives data on the oxidation rate attained in shaken 
flasks, when glucose, sucrose, and lactose are used as carbohydrate 
sources. It will be noted that glucose is most rapidly fermented by 
the mold, and that the oxygen demand of the culture is also greatest 


(57) 
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TABLE 1 
Rate or Sugar FERMENTATION AND OxyceN Uriization sy Penicillium notatum 
CULTURES 
Maximum rate of . 
Carbohydrate sugar fermentation* Maximum 0 2 uptake** 
gm./]. per hr. ml. 02 per hr./I. 
2% Lactose 0.32 109 
4% Lactose 0.36 134 
4% Sucrose 0.46 150 
4% Glucose 0.71 300 


* Measured in shaken flasks in a steep liquor medium (culture 832). 
** Measured on a sample of culture in a Warburg respirometer. 


when glucose is used. Sucrose is used more slowly than glucose; lac- 
tose is most slowly utilized and gives the lowest oxygen demand. It 
might be expected that successful fermentations, with glucose as the 
carbon source, would require more aeration than is necessary for lactose 
fermentations. That such is the case, is shown by the data of TABLE 2. 


TABLE 2 


PENICILLIN YIELDS ON FLASKS IN Rorary AND RECIPROCATING SHAKERS 
(Penicillium notatum No. 832) 


Reciprocating Rotary shaker | Kotary shaker 
Vol. | Shaker (90 R.P.M.)} (285 R.P.M.) | (325 R.P.M.) 


Medium per Day of Day of Day of 
flask Pen. max. Pen. | max, | Pen. max. 
yield yield yield | yield | yield | yield 
ml u./ml u./ml u./ml 
4% lactose, 2% 50 75 eS 7 € 62 8 16 2 
steep liquor 100 75 : ee 171 8 et 
solids 150 65 7 < 70 8 
4% glucose, 2% 50 21 9 35 4 61 3 
steep liquor 100 18 Us 31 7 
solids 150 10 8 26 8 


In the experiment summarized in the table, two shakers were used: a 
conventional reciprocating shaker, in which the flasks were moved, 
horizontally, a stroke distance of 10 em., at 90 cycles per minute, and 
a shaker in which the flasks described a horizontal circle, one inch in 
diameter, at the frequencies given in the table. The rotary shaker 
was designed to give a higher aeration rate than was possible with the re- 
ciprocating shaker. It will be noted that, when the lactose medium was 
used on the reciprocating shaker, the penicillin yield was essentially 
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independent of the volume-of medium in the flask, but, with glucose, 
yields were lower, and decreased when the air available per milliliter 
of medium was decreased by increasing the volume in the flask. When 
the rotary shaker was used at 285 R.P.M., yields on lactose were not 
affected, while yields on glucose increased. When the speed of the 
shaker was further increased, the yields on glucose became still better, 
and yields on lactose decreased. A comparison of the chemical changes 
taking place in glucose and lactose media will be considered later. For 
the present, it is sufficient to point out that penicillin yield is a func- 
tion of the carbohydrate source used and of the amount of oxygen 
available to the fermentation. 

In tank fermentations,” the air available to the culture is, of course, 
only a small fraction of the total air supplied to the tank. It is very 
difficult to produce and maintain air bubbles in a fine state of division, 
in a tank filled with a heavy growth of mycelium. The consistency of 
the mycelial mass is such that coalescence of bubbles is promoted. 
This is especially true of large tanks, while, in small tanks, the limited 
length of bubble rise decreases the effectiveness of oxygen absorption. 
In commercial tanks, the percentage used of the air generally varies 
from a few per cent to about 15 per cent. In the small tanks, in our 
laboratory, one per cent utilization is usual. A method which may 
be used to obtain an estimate of the aeration level required by a fer- 
mentation, is a determination of the amount of air used, at a number 
of levels of air supply. Since carbon dioxide produced is more con- 
veniently determined than oxygen used, the rate of carbon dioxide pro- 
duction by the fermentation is determined as a function of the amount 
of air supplied to it. In ricuRE 1, data obtained in such a manner are 
plotted. The tank used contained 200 liters of medium. It will be 
seen that, at aeration rates greater than one volume per volume of cul- 
ture per minute (200 liters per minute), very little increase in metab- 


~ olism rate occurred, but lowering the air supply decreased the metab- 


olism rate. It might be concluded that an aeration rate somewhere in 
the neighborhood of 200 liters per minute would be adequate. When 
an experiment, similar to that of ricurE 1, is conducted on a large in- 


_ dustrial penicillin fermentation, it is often found that, at high aeration 


rates, the efficiency of aeration decreases, and the energy input to the 
agitator decreases. This phenomenon, apparently due to flooding of 
the agitator with air, has been known to be so pronounced that an in- 
crease in aeration rate actually caused a decrease in metabolism rate. 
From Ficure 1, it may be seen that a metabolism rate of 10 volumes of 
carbon dioxide per 1000 volumes of culture per minute may be reached 
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with adequate aeration. In many commercial installations, the metab- 
olism rates encountered are much lower, presumably because of the 
difficulty of maintaining adequate air dispersion in large tanks. 


VOL. CO, PER 
MIN. PER 1000 
VOLS. CULTURE 


6) | Fa 
VOLS. AIR PER MIN. PER VOL. CULTURE 


Ficure 1. Effect of air level on metabolism rate in a tank fermentation. Culture 1951. B25 was 
grown on 2 medium containing 4% steep liquor solids, 3% lactose, and 1% calcium carbonate. 
re i ee were made when the culture was 20 to 23 hours old. The culture volume was 200 

The data of ricurE 1 were obtained by varying the aeration rate of 
a single fermentation. When complete fermentations are conducted at 
various aeration rates, similar results are obtained. The metabolism 
rate, during the fermentation, depends on the aeration rate. The 
penicillin yields, at low aeration rates, are definitely lower than those 
at high rates. In TABLE 3, a comparison is made of the metabolism 
and penicillin yield, obtained with different aeration levels. It will be 
noted that the lowest aeration rate used resulted in a delay in the 
growth phase of the fermentation, as evidenced by the later occurrence 
of the ammonia maximum. 


It should be emphasized that the aeration level necessary in our 
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tanks has only a very general relation to the aeration requirement of 
tanks of a different size and design. Factors such as sparger design, 


TABLE 3 


Errect or AERATION Rate on TANK FERMENTATIONS 


Culture X-1612 was grown on a medium containing 3% | i 
: is tose, 4 
solids, and 1% calcium carbonate. CSO adie rg 


Aeration a mae NH 
(70 hours) CO2* level 
vol./min. units/ml. hrs. 
0.15 278 2.7 47 
1.0 490 8.9 25 
5 497 10.0 26 


* Volume CO2 per min. per 1000 vols. medium, average 20th to 60th hour. 


agitator design, and depth of tank influence the effectiveness of aera- 
tion so greatly that, perhaps, the only valid comparison that can be 
made is a comparison of metabolism rate. Even such a comparison is 
of limited usefulness, because many factors, other than aeration rate, 
may influence the rate at which oxygen is used. 


pH CHANGES 


It is generally accepted that pH values much below 7 or much above 
8 are not conducive to rapid penicillin formation. To what extent low 
or high pH values are secondary effects of conditions unfavorable to 
penicillin formation, and to what extent the acidity or alkalinity per se 
is effective, are not known. Most of the factors causing pH changes 
in penicillin fermentations in corn steep liquor media are known, and 
the pH can, to a large extent, be controlled. 

___ When serial analyses are made on a penicillin fermentation, most of 
~ the factors influencing pH become obvious. 

In FicuRE 2, analytical data on a fermentation in shaken flasks are 
plotted. Growth of the mold, expressed in the figure as mycelial nitro- 
gen, takes place, first, at the expense of nitrogen-containing carbon 
_- compounds of the corn steep liquor. The soluble organic nitrogen de- 
creases sharply, for the first two days. During this period, very little 
lactose is used, but good mycelial growth is obtained. Most of the 
nitrogen of the compounds used is turned into mycelial nitrogen, but a 
part of it accumulates as ammonia. After the second day, when the 
fermentable steep liquor nutrients are substantially exhausted, utiliza- 
tion of the less easily fermentable lactose begins. When lactose carbon 


62 ANNALS NEW YORK ACADEMY OF SCIENCES 


is used to form cellular material, the nitrogen in this cellular material 
must arise from ammonia, since it is the only available nitrogen source. — 
Hence, during lactose utilization, the ammonia concentration falls 
When the lactose is exhausted, no available nutrients remain, an 


EAGHICZAGCID 
NH3-N 
PENICILLIN 
SUGAR MYCELIAL-N 
pH ORGANIC-N 
500 
400 
— 
“ Se gPR- 0 © 8 F200 
200 
100 


DAYS 


Ficure 2. Chemical changes in shaken flask fermentations. Culture 832 was grown on a medium 
containing 3% lactose and 2% steep liquor solids. Penicillin is expressed as units per 0.1 ml.; 
mycelial N and organic N, as mg. per 100 ml.; lactic acid, as mg. per ml.; NHs-N, as mg, per 
10 ml.; and sugar, as g. per 100 ml. 
autolysis begins. Mycelial nitrogen falls, ammonia rises slightly, and 
there is a sharp rise in soluble organic nitrogen compounds. Corn steep 
liquor contains considerable amounts of lactic acid. This lactic acid 


is intermediate, in availability, between steep liquor nitrogen com- 
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pounds and lactose, since it begins rapidly disappearing when most 
of the available steep liquor nitrogen compounds have been used, and is 
completely fermented before very much of the lactose has been used. 
During the second day of the fermentation, ammonia is being accumu- 
lated and lactic acid is being used. Both processes result in a decrease 
in hydrogen ion concentration. The pH, therefore, rises sharply. 
After the lactic acid has disappeared, the utilization of ammonia, dur- 


ing the lactose-fermenting phase, results in a fall in pH. When the 


ammonia has been substantially exhausted, the pH does not change 
_ significantly until the onset of autolysis, when a sharp rise occurs. 

The titration curve of the buffer mixture, in the steep liquor sample 
used in the experiment of ricurE 2, was determined experimentally, 
and from it, the pH values which should have resulted from the ob- 
served changes in lactic acid and ammonia concentrations were calcu- 
lated. These calculated pH values are plotted as circles, in the figure. 
They agree very well with the observed pH values, up to the time when 
autolysis began. This indicated that, before the onset of autolysis, 
the only factors causing pH changes are those here discussed, but that, 
during autolysis, another factor, probably liberation of organic bases 
from the mycelium, is operative. 


METABOLIC CHANGES IN TANK FERMENTATIONS 


Ficure 3 gives analytical data on fermentations carried out in ex- 
perimental tanks containing 55 gallons of medium. The curves repre- 
sent the average analytical figures for three fermentations on a medium 
consisting of 4 per cent lactose, 4 per cent corn steep liquor solids, and 
1 per cent calcium carbonate. The culture used was Penicillium chry- 
sogenum X-1612, and the aeration rate was one volume of air per vol- 
ume of medium per minute. 

Comparison of the metabolic changes in tanks with those in shaken 
flasks shows that the fermentation is much more rapid. This is, to 
some extent, due to the larger inoculum used, but is chiefly the result 
of the more adequate air supply. It will be noted, although the nutrient 
level used was twice that used in the fermentation in FIGURE 2, utiliza- 
tion of the nutrients takes place in much less time. The first phase 
of the fermentation, during which mycelial growth takes place at the 
expense of the steep liquor nutrients, and during which the pH rises, 
because of lactic acid oxidation and ammonia liberation, lasts about 
24 hours. The amount of mycelium formed, because of better aera- 
tion and because of the higher nutrient level, is greater, in the case of 
the tank fermentation. The use of high steep liquor concentrations is 


y 
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not advantageous in flask fermentations, because the air supply is in- 
adequate to permit its utilization. 

As in the case of the flask fermentation, penicillin is rapidly formed 
during the sugar-utilizing phase of the fermentation. The high peni- 
cillin yield in the tank fermentation is due, in part, to the use of a bet- 
ter culture and, in part, to the better air supply in the tank. It should 
be noted that, in FicuRE 3, penicillin concentration is plotted on a scale 
different from that used in FIGURE 2. FicuRE 3 does not give data 
extending to the autolysis period of the fermentation. This phase 
does not begin until available sugar is exhausted. In other tank fer- 


er 
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Figure 3. Chemical changes in tank fermentations Culture X-1612 i i 
. . . . bf -- Ww 
containing 4% lactose, 4% steep liquor solids, and 1% calcium garbonateot Bente wirerrcee ta 
as units per ml.; mycelial N and organic N, as mg. per 100 ml.; NHs-N, as mg. per 10 ml.; sugar 
as gm. per 100 ml.; and CO2, as volumes per min. per 1000 volumes culture, eb ae 
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mentations, when sugar exhaustion has occurred, autolysis, resulting 
in a rise in pH and an increase in ammonia level, has always taken 
place. We have never observed, in tank fermentations, an increase in 
penicillin concentration after the fermentable sugar has been depleted. 


COs 
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Ficure 4, Chemical changes in a glucose medium. The experimental conditions were identical] 
with those of FiGuRE 3, except that glucose was substituted for lactose. The curves are drawn to 
the same scale as those of FIGURE 3. 
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USE OF GLUCOSE IN TANK FERMENTATION 


It might be expected that, if lactose were replaced in tank fermenta- 
tions by the more readily available glucose, a more rapid fermentation 
would result. It might, also, be expected that, because of its ready 
availability, glucose would be depleted sooner than lactose. 

In ricure 4, the analytical data from a glucose tank fermentation are 
summarized. It may be seen that the metabolism rate, as measured 
by the rate of carbon dioxide production, is much higher, during the 
early stages of the fermentation, than the metabolism rate of the lac- 
tose fermentation. Glucose, as well as steep liquor, is utilized during 
the mycelium-forming phase of the fermentation. The nitrogen as- 
similation by the mycelium which accompanies the assimilation of 
glucose carbon, brings about a reduction, rather than an increase, in 
ammonia concentration, during the first phase of the fermentation. 
Since glucose is more available than lactic acid,’ lactate utilization is 
delayed until after glucose utilization is completed. Because of the 
lack of ammonia production and because of delayed lactate utilization, 
there is no pH rise until the glucose is exhausted. There is, then, a 
sudden pH rise, after which, because of the lack of nutrients, autolysis 
begins. The pH plateau, during which, in the lactose fermentation, 
most of the penicillin is formed, is Sosess in the glucose fermentation. 


\ The low penicillin yields with pines media, in tanks, may be attrib- 


uted to the lack of a period in the fermentation, duns which pH and 
nutrient conditions are favorable for penicillin production. 
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PRODUCTION OF ANTIBIOTIC SUBSTANCES 
BY BASIDIOMYCETES 


By Wiuiam J. Ropsins, FREDERICK KAVANAGH, AND ANNETTE HERVEY 


Department of Botany, Columbia University, and New York Botanical Garden, 
New York, N. Y 


There are in the neighborhood of 100,000 species of known fungi. 
These are divided taxonomically into four groups, the Phycomycetes, 
Ascomycetes, Basidiomycetes, and the Fungi Imperfecti. Since the 
discovery of penicillin, a great deal of attention has been given to the 
production of antibiotic substances by the Penicillia, the Actinomycetes, 
Aspergilli, and other genera belonging, for the most part, to the 
Ascomycetes or to the Fungi Imperfecti. Relatively little has been 
done with the Basidiomycetes, comprising some 30,000 species and in- 
cluding the shelf fungi, puff balls, toadstools, mushrooms, and so on. 

Folklore suggests that some of the Basidiomycetes may contain anti- 
bacterial substances. Agaric acid (N-hexadecyl-citric acid) obtained 
from Polyporus officinalis has been used, for many years, in the treat- 
ment of nightsweats of phthisis, and long chain aliphatic acids are 
antibacterial towards Mycobacterium tuberculosis. We have had re- 
ports that natives in Central America use the spores and skin of one of 
the earth-stars, to accelerate the healing of wounds. Rumor has it that 
woodsmen have long used the felt-like mats of basidiomycete mycelium, 
growing on trunks or logs, for bandages; whether this use is because 
of their cloth-like character, or because of hypothetical healing power, 
is uncertain. While it is unwise to discard reports of this character 
without consideration, they should be viewed with skepticism and re- 
quire confirmation and extension by actual experiment. 

Wilkins and Harris recently tested the antibacterial activity of ex- 
tracts of the sporophores of 722 species, in 96 genera of the larger 
Basidiomycetes. About 1% of these were active against Staphylococcus 
- aureus or against Staphylococcus aureus and Escherichia coli. None 
was active on Escherichia coli alone. About 30 species were grown 
in culture and discs of mycelium tested on seeded agar plates. Some 
of the 30 were active on Staphylococcus aureus or on Staphylococcus 
aureus and Escherichia coli, none on Escherichia coli alone. Wilkins 
and Harris did not determine the ability of their organisms to produce 
antibacterial substances in culture liquids. 
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Bose has reported that the filtrate of a species of Polyporus, in 
Czapeks-Dox medium, is active on Escherichia coli and the causal or- 
ganisms of typhoid, cholera, and dysentery. Animal tests showed the 
filtrate which he calls polyporin to be “completely nontoxic.” 

Our own experiments, begun in June 1943, have included about 300 
species in 42 genera. These were grown individually on agar in petri 
dishes and examined by the streak method for antibacterial activity, 
using Staphylococcus aureus and Escherichia coli as test organisms. 
About 114 of the fungi showed no activity, under our conditions. Of 
the balance, 29 produced zones of inhibition of less than 5 mm. on 
Staphylococcus aureus; 57, zones of between 5 and 10 mm.; and 119 
zones of 10 mm. or more. Some affected Staphylococcus aureus, but 
not Escherichia coli. Some affected both... None was active on Esche- 
richia coli alone. Forty-two of the more active Basidiomycetes, as 
tested by the streak method, were selected from those which were not 
strong acid producers and tested by the disc method. Sixteen of the 
forty-two were moderately or strongly active, as determined by the 
disc method. Some 25 of these fungi have been grown in culture liquids, 
and the antibacterial activity was determined by the dilution method 
against Staphylococcus aureus. Culture liquids, active at dilutions of 
between 250 and 1000, have been obtained from six. We are extending 
our studies to other Basidiomycetes, attempting to concentrate and 
isolate the active principles and examine their effects on other or- 
ganisms. 

I shall not attempt to describe our investigations in detail, but shall 
limit myself to some generalities which, we think, can be drawn from 
our experience thus far. 

It seems evident that a considerable proportion of the Basidiomycetes 
produce antibacterial substances. Wilkins and Harris found 20% of 
722 species to have such substances in their sporophores. About % 
of the 300 species we examined inhibited the growth of Staphylococcus 
aureus, in the vicinity of the fungus colony, and about 14 produced 
zones Of 10 mm. or more. Of the 119 which exhibited marked activity 
on the streak plates, only 30 produced sufficient acid to account for 
their antibacterial action. In other words, of 300 Basidiomycetes, we 
found 89 which evidenced considerable antibiotic effects, not caused by 
the hydrion concentration of their products. 

From our results with the streak method, the production of antibac- 
terial substance did not appear to be associated with any particular 
taxonomic groups. One or more species, of 36 genera of the 42 in- 
cluded in our survey, showed some antibiotic activity, and the 6 which 
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showed none were represented by only 1 or 2 species. Of 94 species and 
isolations of Polyporus, studied by the streak method, 51 were inactive; 
19 gave inhibitions of 10 mm. or less; and 24, of 11 mm. or more. Of 
the 24, we considered the activity of 11 to be caused by acid production. 
Of 47 Fomes surveyed, 15 gave negative results; 13, inhibitions of 10 
mm. or less; and 19, of 11 mm. or more. The antibiotic activity of 7 
of the 19 was probably caused by acid formation. Of 41 Porias, 9 
were inactive, while 19 produced inhibitions of 11 mm. or more. The 
antibiotic activity of 11 of the 19 appeared to be caused by acid. 

While useful for survey purposes, the streak method has some distinct 
limitations, 

It detects those substances, only, which diffuse from the mycelium. 
An antibiotic substance produced and retained in the body of the fungus 
will not be found. It is possible that some of the fungi we studied pro- 
duce intracellular antibacterial substances. These would not be dis- 
covered by our survey method. The media used must be those which 
will support growth of the test organisms, as well as the fungus, unless 
a coating layer, adapted to the test organism, is used before applying 
the test organism. The character of the medium is frequently impor- 
tant, in determining the antibiotic activity of a fungus. For example, 
some of our fungi were quite active, when grown on a peptone-dextrose 
agar, but showed no activity on malt agar. Another factor of impor- 
tance is the production of acid by the fungus. This may influence the 
activity of an antibiotic substance, even though the amount of acid 
formed is in sufficient per se to inhibit the test organisms. Furthermore, 
the streak method is not necessarily a guide to the effectiveness of a 
fungus. Some of the most active of our organisms, those which pro- 
duced inhibition of Staphylococcus aureus at distances of 40 or 50 mm. 
from the fungus colony, showed little or no activity when tested by the 
disc method. It appeared that the quantity of the antibiotic material, 
which diffused into the medium from the fungus colony, was sufficient 
to inhibit the growth of the test bacteria, but was not large enough in an 
agar disc to give a zone of inhibition. 

In judging the production of antibiotic substances, the test organ- 
isms are highly important. This is generally recognized, and it is as 
true for the Basidiomycetes as it is for other groups of fungi. Some 
of them inhibit Staphylococcus aureus, but not Escherichia col. Some 
affect Mycobacterium phlei, but not Escherichia coli or Staphylococcus 
aureus. Others inhibit all three, and some inhibit other molds. 

We have found the disc method useful for selecting fungi, among 
those found to be active by the streak test, for further investigation. 
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The disc method is more stringent than the streak method, because, in 
the latter, you deal with the product of an entire fungus colony; in the 
former, with the material in a small dise of agar or agar and mycelium 
—in our experiments, a disc 5.5 mm. in diameter. It has the further 
advantage of indicating where the greatest amount of antibiotic mate- 
rial is to be found, whether within the limits of the fungus colony, or 
outside. Furthermore, the discs from any medium on which the fungus 
may be grown can be tested on a neutral medium, of such composition 
as to be eminently suitable for the growth of the test organisms and 
unaffected by the growth of the fungus. 

As might be anticipated, the results obtained with the dise method 
depend, in part, on the size of the disc; the larger the disc, the greater 
the quantity of antibiotic material. They depend also on the time 
between the application of the disc and the development of the test 
organisms. The character of the inhibition was found to vary with 
the fungus. In some instances, the disc was surrounded by a sharply- 
defined clear zone, indicating complete inhibition of the test bacteria. 
In others, the zone of inhibition was limited by a zone of stimulation. 
Discs from other fungi caused partial inhibition only, and the area 
of inhibition contained many small colonies or a few large colonies of 
a resistant strain. The medium on which the fungus grew affected 
the character of the inhibition zone. 

The final test on any organism in which there is interest, from the 
standpoint of antibiotic substances, is to have it produce enough of the 
substance to permit concentration and, perhaps, isolation, for chemical 
investigation and for test on animals or other organisms. This cannot 
be done by growing the fungus on agar plates, nor, in most instances, by 
collecting sporophores in nature. It requires mass cultivation of the 
fungus in liquid culture. 

For these purposes, the Basidiomycetes have some disadvantages. 


| Most of them produce few or no spores, except basidiospores, and my- 
[| celium must be used for inoculation. Inoculation is less simple and 


less satisfactory than for the Penicillia, which produce spores freely 
and in quantity. Many of the Basidiomycetes also have marked 
growth-substance deficiencies and grow little, or not at all, on a simple 
synthetic medium, but require the presence of vitamins or extracts of 
natural origin. Of 310 Basidiomycetes, we found 190 to grow poorly, 
or not at all, on a synthetic medium, although all grew on malt agar. 
Of 91 species or isolations of Polyporus, 62 showed marked growth- 
substance deficiencies; of 32 Porias, 17; and of 45 Fomes, 20 were simi- 
larly affected. Some of them grow so slowly on any medium we have 


ee a eR, Ae 


ROBBINS, KAVANAGH, AND HERVEY: BASIDIOMYCETES 71 


been able to discover, that-the investigation of quantity production of 
antibiotic material is a slow process. Many of the slow-growing forms 
appear to be the most active. In fact, we have reached the point 
where we are almost prepared to discard any rapidly-growing Basidio- 
mycete, without testing it. 

This question of the relation between rapidity of growth, in these or- 
ganisms, and production of antibiotic materials has intrigued us. 
While the relation is not strict, and there are a sufficient number of ex- 
ceptions to eliminate it as a rule, it occurs sufficiently frequently to 
arouse one’s curiosity. In fact, in many instances, we have observed 
the same organism to show much more activity on a medium on which 
it grows slowly, than on one on which it grows rapidly. 

There seem to be two possible explanations for this phenomenon. 
Either the antibiotic substance inhibits the growth of the fungus it- 
self, or an incomplete metabolism produces products which, in some 
instances, are antibacterial. We are inclined to believe that the latter 
is the correct explanation. For these reasons, the production of anti- 
biotic substances in the culture liquid is not as simple a procedure as 
for Penicillium notatum or species of Aspergillus. 

For these organisms, masses of asexual spores can be used as inocu- 
lum, and, if desired, the culture liquid can be limited to the mineral 
salts and sugar found in the modified Dox medium. Furthermore, 
they grow more rapidly in culture than most of the Basidiomycetes. 
Nevertheless, it has been found possible to produce active antibiotic 
culture liquids from some of the Basidiomycetes, and to concentrate 
the active principles to the point where a dilution, of from 1 to 40,000 
up to 1-5,000,000, inhibits the growth of Staphylococcus aureus in 
broth cultures. We do not know whether any of these are of any 
therapeutic value. 

The substances with which we are working are different from peni- 


- cillin and differ from one another. It seems probable that a consider- 


able number of new antibiotic substances is formed by this group. One 
means of determining this fact is the use of resistant strains of Staphy- 
lococcus aureus. In some instances, these resistant strains can be ob- 
tained from colonies in the vicinity of a fungus, in a streaked plate, or 
in the vicinity of a disc, on a seeded plate. In others, it is necessary 
to develop the resistant strains by cultivation of the stock strain in 
broth fortified by an amount of the antibiotic concerned which is par- 
tially, but not completely, inhibitory. Our experience with resistant 
strains of Staphylococcus aureus leads us to believe that they are use- 
ful for distinguishing between antibiotic substances, but do not serve 
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to establish the identity of any two. This follows, because it is pos- 
sible to develop strains resistant to two or more antibiotic substances. 

It seems clear that many of the Basidiomycetes produce substances 
which, at considerable dilution, inhibit the growth of some kinds of 
bacteria. We have no evidence for the production of any substance 
as active as penicillin. On the other hand, we have investigated only 
about 300 of the 30,000 species in this group, and one of the 29,700 
which remain may produce a substance with the activity of penicillin. 


PRODUCTION OF ANTIBIOTIC SUBSTANCES 
BY ACTINOMYCETES*} 


By Seman A. Waxsman, ALBERT ScHATZ, AND Donatp M. RryNnoups 


New Jersey Agricultural Experiment Station, Rutgers University, 
New Brunswick, New Jersey 


It has now been definitely established that a considerable proportion 
of all actinomycetes that can be isolated from soils or other natural 
substrates have the capacity of inhibiting the growth of, and even of 
destroying, bacteria and other microorganisms.’ This was brought out 
emphatically in several of the surveys that have been made on the dis- 
tribution of antagonistic properties among actinomycetes.” » * ® 1° 
Twenty to 50 per cent of all the cultures tested, whether freshly iso- 
lated from natural substrates or taken from culture collections, were 
found to possess antagonistic properties. The selective antimicrobial 
activities of actinomycetes differ greatly, both quantitatively and 
qualitatively, as could easily be demonstrated by their respective anti- 
biotic spectra. The nature of the active agents or the antibiotics 
produced by these organisms depends upon the species; frequently 
upon the strain; the composition of the medium in which it is grown, 
and the conditions of cultivation.” ® 

Several distinct antibiotics have now been isolated from cultures of 
actinomycetes. Some, namely, actinomycetin, micromonosporin, myce- 
tin, and actinomyces lysozyme, have been only partly purified, whereas 
others, including actinomycin, proactinomycin, streptothricin, and 
streptomycin, have been isolated and crystallized. These substances 
differ greatly in their chemical structure, antimicrobial properties, 
toxicity to animals, and in vivo activity. 

Some of the antibiotics are produced in simple synthetic media; 
others are formed in complex organic substrates; still others, like strep- 
tomycin, require the presence in the medium of a specific nutritive sub- | 
stance, an “activity factor,” which is either a precursor or a prosthetic | 
eroup of an enzyme system essential for the production of the anti- | 
biotic agent. Although this “activity factor” can be synthesized by 
Streptomyces griseus, its addition to the medium favors the rapid pro- 
duction of streptomycin. Streptomyces griseus can, therefore, grow 


* Partly supported by a grant from 'The Commonwealth Fund of New York. , . 
Paper, of the Journal Series, New Jersey Agricultural Experiment Station, Rutgers University, 
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well in substrates lacking the above factor, but the production amount 
of streptomycin is slower. However, when the mycelium thus formed 
is used as a constituent of fresh medium, streptomycin will be pro-. 
duced satisfactorily. 

The following investigations were undertaken for the purpose of 
elucidating several important problems pertaining to the production 
of antibiotic substances by actinomycetes, namely: (1) the use of selec- 
tive antibacterial spectra, for the purpose of establishing the forma- 
tion of antibiotic type compounds by various species or strains; (2) the 
ability of different organisms to produce the same antibiotic substance; 
(3) the variation in chemical nature and in biological properties of a 
given antibiotic substance, formed by different organisms or under dif- 
ferent conditions of culture. 


EXPERIMENTAL 
Methods 


A large number of cultures of actinomycetes were isolated from 
differently treated soils, composts, and other substrates, and were 
tested for their antibiotic potency against several test bacteria. For 
isolation purposes, either ordinary synthetic media (glucose-asparagine 
agar) or organic media (nutrient agar, peptone-glucose agar) were 
used. In some cases, the following special selective media were also 
employed: 


1. TB agar, consisting of 1.5 per cent washed agar, 0.05 per cent 
KH,PO,, 1 per cent glucose, and washed viable cells of Mycobacterium 
tuberculosis H37, as the sole source of nitrogen. (Because of the dif- 
ficulty of suspending the tubercle bacilli homogeneously throughout 
the medium, growth of the antagonist upon the small cell aggregates, 
rather than the production of a clear zone of lysis, was taken as the 
criterion of attack upon the tubercle organism.) 


2. Bacterial agar, namely, washed mineral-glucose agar, as pre- 
pared above, to which centrifuged and washed cells of various gram- 
positive and gram-negative bacteria had been added. 

3. Streptomycin-enriched agar, comprising nutrient agar to which 
had been added 5 to 25 mg. of purified streptomycin per ml. of medium. 


Actinomycetes Active against Mycobacterium Species 


The cultures of actinomycetes that were isolated from the TB agar 
were tested by the streak method. Nutrient agar and glucose aspara- 
gine agar were used, with Mycobacterium phlei as test organism. 
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This saprophyte grows rapidly and can be handled more easily than 
_ the pathogenic mycobacteria. The reason for adding the H37 tubercle 
bacillus to the washed agar medium was that this organism allows better 
growth of antagonistic microorganisms (bacteria, fungi, and actino- 
mycetes) than Mycobacterium phlei. 


TABLE 1 


Anraconistic Errect or DirrereENT ACTINOMYCETES AGAINST M., phlei 


Activity by streak test 


trae of ; 
Source of cultures Zone of inhibition, mm. 

cultures tested on 

0 1lto3 4to8 9to >9 
NA* GA*| NA GA!| NA GA]! NA GA|NA GA 

Unenriched 

soil 12 13 4 1 1 1 5 6 a 
Soil 17 50 48 22 6 6 1 14 12 8 29 
Soil 2t 1 1 = 1 1 i 
Soil 3¢t 34 34 10 4 4 = 12 4 8 23 
Straw 

compost 12 12 3 2 3 4 5 2 5 
Stable 

manure 2 2 ai i 1 1 

eat 

compost 9 8 2 oe 1 1 2 it 4 6 
Total 

cultures 120 118 42 14 15 5 34 29 29 70 
Per cent 

of cultures} .. 62 35 12 13 4 28 25 24 59 


* NA=nutrient agar; GA=glucose asparagine agar. 

t Enriched with washed viable TB cells. 

} Enriched with washed viable cells of gram-negative bacteria. 
tt Enriched with dead TB cells. 


Those actinomycetes that were found by the streak method to be 
~ most active against Mycobacterium phlei were then grown in nutrient 
broth and in glucose-asparagine media containing 0.25 per cent agar, in © 
order to obtain better surface pellicle formation. After incubation for 
8 days at 28° C, the filtrates were sterilized, by heating at 70° C for 
10 minutes, and tested. The results presented in TABLE 1 show that 
more actinomycetes were antagonistic to Mycobacterium phler when 
tested on glucose-asparagine agar, than on nutrient agar. With the 
synthetic medium, twelve per cent of the cultures exhibited no antag- 
onistic activity by the streak test, as compared with 35 per cent in- 
active cultures on the organic medium. The highest activity, namely 
9 to > 9 mm. zone of inhibition, was shown by 59 per cent of the cul- 
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tures on the synthetic, and by only 24 per cent on the organic, medium. 
When these cultures were grown in liquid or in semi-solid agar media, 
and the filtrates tested, the reverse was found to be the case, the or- 
ganic broth proving to be a better medium for the production of anti- 
biotic substances than the synthetic medium. This may be due to 
the larger amount of growth on the organic medium. The percentage 
of actinomycetes active against Mycobacterium phlei was fairly high 
and was well correlated with the distribution of antagonistic actino- 
mycetes previously reported for the gram-positive and gram-negative 
bacteria.* © ; 

The enrichment of the soil with living or dead TB cells appeared 
to exert no appreciable stimulation upon the development of antagon- 
ists, as compared with the control soil. Although the enriched soils 
showed a marked stimulation of the total number of actinomycetes, 
these organisms did not necessarily possess antagonistic properties.® 
Many of the strains developing on the TB-washed agar plate, to the 
extent of about 20 per cent of the total number, were found to belong 
to the Streptomyces coelicolor group, which comprises organisms not 
antibacterial in nature. 


Actinomycetes Active against Gram-Negative and 
Gram-Positive Bacteria 


A number of actinomycetes were picked at random from plates pre- 
pared from various natural materials. These cultures were tested, by 
the streak method, against Escherichia coli and Bacillus subtilis. The 
results presented in TABLE 2 show that, as a rule, a much larger propor- 
tion of the cultures were active against Bacillus subtilis than against 
Escherichia colt. Some of the cultures had about equal activity against 
both organisms, and one had greater activity against the gram-negative, 
than against the gram-positive, test-organism. 

Just as in the case of the actinomycetes active against Mycobacter- 
tum phlei, more organisms displayed antagonistic action, by the streak 
method, on glucose-asparagine agar than on the nutrient agar. As com- 
pared to the 85 per cent of the cultures that showed lack of activity 
against Escherichia coli, when tested on the asparagine agar, 93 per 
cent of the cultures were inactive, when grown on nutrient agar; the 
corresponding percentages showing no activity against Bacillus sub- 
tulis were 41 and 64 per cent. The cultures giving the highest activity 
against H. coli were 6 and 8 per cent, and against B. subtilis, 44 and 16 
per cent, when tested on glucose-asparagine and nutrient agar, respec- 
tively. The reverse was true, when the culture filtrates were tested, 
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nutrient broth proving to be a better medium than glucose-asparagine 
broth for the production of the antibiotic agents. 

The results obtained for the soil enriched with washed viable cells 
of gram-negative bacteria show that such treatment did not bring 
about any significant stimulation of actinomycetes antagonistic to 
either Escherichia coli or to Bacillus subtilis, as compared with the 
unenriched control soil. This confirms the results reported elsewhere,’ 
concerning the doubtful significance of the soil enrichment procedure 
for the isolation of specific antagonistic organisms. 

Ninety-one cultures were selected at random and tested for nei an- 
tagonistic properties against various bacteria, by the agar streak 
method. One or more of the following three media were used: nutrient 
agar, glucose-peptone agar, and glucose-asparagine agar. Of these 
cultures, 47 showed some activity against either, or both, of the gram- 
negative bacteria, on one or more of the above media. The distribu- 
tion of the antibiotic activity of the cultures against the two bacteria 
is brought out in TABLE 3. In general, there were more actinomycetes 


TABLE 3 


Actinomycetss Active Aaainst Escherichia coli anpD Pseudomonas aeruginosa 


Total Number of cultures active against: 
; number 
Test medium of E. coli | Ps. aeruginosa E. coli Neither 
cultures | only only and organism 
tested Ps. aeruginosa 
Nutrient agar 36 if 12 6 11 
Glucose- _ 
asparagine agar 40 5 14 8 13 
Fungus agar 
(pH 7.0) 34 8 10 3 13 


active, in the case of all three media, against Pseudomonas aeruginosa 
alone, than against Escherichia coli alone or against both bacteria. 
Glucose-asparagine agar gave zones of bacterial inhibition which were 
wider than those observed on the organic media. The interesting phe- 
nomenon, in this connection, is that Pseudomonas aeruginosa, an or- 
ganism whee is usually recognized as highly resistant to most of the 
known antibiotic agents, was found to be more sensitive, at least as 
measured by the streak method, to the action of antagonistic actino- 
mycetes than the ordinarily more sensitive Escherichia coli. Whether 
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this is due to the formation by these actinomycetes of as yet unknown 
substances active against Pseudomonas aeruginosa, or whether the 
presence of the cells of the antagonist influences, in some manner, the 
sensitivity of Pseudomonas aeruginosa, still remains to be determined. 
The fact that Streptomyces lavendulae showed, by the streak method, 
some activity against Bacillus mycoides, whereas the antibiotic strep- 
_ tothricin produced by S. lavendulae is inactive against this bacterium, 
may also be due to factors still unrecognized, at present. 

A detailed study was next made of the antagonistic properties of 
the actinomycetes that had been isolated from the washed agar media 
enriched with Escherichia coli and Bacillus subtilis cells. In all, 44 
cultures were tested by the streak method, using three different media 
and four test bacteria. The results (TABLE 4) show that greater inhibi- 


~ TaBLe 4 


AntTaconistic AcTION or AcTINOMyYcETES ISOLATED FROM JF. coli- AND B. subtilis- 
WasHep Acar Puates* 


Test Nutrient Glucose-asparagine Glucose-tryptone 
eae 0-18 916] 0 18 916 >16/ 0 18 946 


A. aerogenes 30. 36:14 


0 18 15 5 6 35 8 0 
E. coli 210” 22 1 5 22 4 13 2 1 
B. mycoides 24 17 3 Pe ats 5 22 8 32 3 
B. subtilis 15 23 6 Si aeels 8 20 4 33 6 


* Forty-four cultures of actinomycetes were tested on nutrient agar and glucose-asparagine agar; 
43 cultures, on glucose-tryptone agar, 


tion was exhibited by the actinomycetes on all the media against 
gram-positive, than against gram-negative, bacteria. There were 
marked differences, however, in the sensitivity of the different bacteria 
within each group. When the two aerobic spore formers were com- 
pared, Bacillus mycoides was found to be more resistant than Bacillus 
subtilis to most of the actinomycetes, both on nutrient agar and on 
glucose-tryptone agar. On the synthetic medium, however, the two 
spore formers exhibited very little difference in sensitivity to the vari- 
ous actinomycetes. A more detailed examination was made of the be- 
havior of these two test organisms toward a number of actinomycetes. 
These results can be only briefly summarized here. In the case of 
nutrient agar, 20 cultures were more active against Bacillus subtilis than 
Bacillus mycoides; 7 were equally active against both bacteria; and 3 
were more active against B. mycoides than against B. subtilis. The 
corresponding ratios of sensitivity of the two bacteria, to various ac- 
tinomycetes grown on glucose-asparagine agar, were 9:20:9 (greater: 


= 5 
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equal:lower activity against Bacillus subtilis), and on glucose-tryp- 
tone agar, 22:6:10. 

A comparison of the sensitivity of the two gram-negative bacteria 
brought out the fact that, on all the media used, Aerobacter aero- 
genes was more resistant to the action of actinomycetes than was 
Escherichia coli. But here, as well, a more detailed examination of the 
plates revealed certain striking differences: on nutrient agar, 20 cul- 
tures were more active against Escherichia coli than against Aeroba- 
cter aerogenes, 2 were active alike against both bacteria, and 3 were 
more active against A. aerogenes than against ZH. coli. The correspond- 
ing ratios for the sensitivity of the two bacteria on the other two media 
were 35:1:2 and 14:0:2. 


Antibiotic Properties of S. griseus-like Organisms 


Streptomycin is the most important antibiotic so far obtained from 
actinomycetes. It was found to be produced by two strains of Strep- 


' tomyces griseus isolated, in 1943, from two distinct sources. The orig- 


inal culture of Streptomyces griseus, which has been kept in the culture 
collection since 1915, does not possess now the property of producing 
streptomycin, and, when recently tested, was found to exert only a very 
weak antibiotic effect against Bacillus subtilis and none against Escher- 
ichia coli. 

In order to determine whether the capacity to form streptomycin is 
characteristic only of freshly isolated strains of Streptomyces griseus, 
and how widely distributed this capacity is among members of the S. 
griseus group of actinomycetes, a number of cultures, recognized by 
macroscopic appearance to be typical S. griseus, or to be forms closely 
resembling it, were isolated from different substrates. These cultures 
were first tested for antibiotic activity by the agar streak method, 
using nutrient agar and glucose-tryptone agar. Streptomycin is 
produced largely on the first medium and only to a limited extent 
on the second. The results presented in TABLE 5 show that the 
various Streptomyces griseus-like cultures thus isolated were far 


nutrient agar, than on glucose-tryptone agar. Even that activity, 
however, was limited in nature, as compared with the streptomycin- 
producing strains of Streptomyces griseus. When grown in liquid 
media, none of the freshly isolated Streptomyces griseus strains pro- 
duced the typical streptomycin. Only one culture, namely, 25-G, was 
capable of yielding an active filtrate, as shown in TABLE 6. The anti- 
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DIsTRIBUTION oF ANTAGONISTIC PROPERTIES AMONG ACTINOMYCETES BELONGING TO 
THE Streptomyces griseus GROUP 


Zone of inhibition, mm. 


Test 


organism Nutrient agar* Glucose-tryptone agart 
0 1-3 4-8 9->15 | 0 1-3 4-8 9->15 
A. aerogenes 17 9 4 0 17 6 1 2 
E. colt _ 1 9 Lie 3 13 8 2 3 
B. mycoides 2 11 12 5 1 10 9 6 
B. subtilis 1 6 18 5 1 5 12 8 
* 30 cultures tested. 
t 26 cultures tested. 
TABLE 6 


Bactsriostatic SPECTRA OF 3 DIFFERENT PREPARATIONS FROM ACTINOMYCETES 


Units of activity per ml. of crude culture filtrate against: 


Culture 
io. E. coli B. subtilis B. mycoides S. aureus 
3440 50 300 10 50 
3445 150 300 20 150 
25-G 100 130 10 250 


biotic nature of this filtrate appeared to be different from both strep- 
tothricin and streptomycin, as shown by its antimicrobial spectrum. 

These results prove the principle that the production of a given an- 
tibiotic by actinomycetes is characteristic of the strain of organism, 
rather than of the species. 


General Considerations of Antimicrobial Properties of Actinomycetes 


As a result of a comprehensive study of the antimicrobial properties 

_of a large number of cultures of actinomycetes isolated from different 

sources, and tested on the various media listed above, the general types 
of activity can be summarized as follows: 

1. Certain cultures of actinomycetes are largely active against fungi, _~ 
but not at all, or only to a limited extent, against bacteria. 

2. Some cultures are active, primarily, against other actinomycetes, 
and only to a limited extent against bacteria. 

3, A large number of actinomycetes affect mycobacteria, notably 
Mycobacterium phlet, but not at all, or only to a limited extent, various | 
other bacteria. 

4. Many actinomycetes are active against gram-positive bacteria 


and mycobacteria, but not against gram-negative bacteria. 
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5: Various actinomycetes are active against both gram-positive and 
gram-negative bacteria, with certain marked variations, namely: 

(a) some are more active against gram-positive bacteria; 

(b) some are more active against gram-negative bacteria; 

(c) some are equally active against both groups of bacteria. 

The antimicrobial properties of a given actinomyces culture also de- 
pend upon the composition of the medium in which it is grown. One 
organism is equally active against Escherichia coli and Aerobacter 
aerogenes on nutrient agar, whereas it inhibits only E. cols on glucose- 
asparagine or glucose-tryptone media. Another culture is equally 
active against Bacillus mycoides and Bacillus subtilis, on nutrient agar 
only. A third culture may produce equal inhibition on all three media, 
against the two gram-positive bacteria. A fourth culture, which is 
more active against Bacillus subtilis on glucose-asparagine agar, may 
be more active against Bacillus mycoides on nutrient agar. 

6. Finally, there is a group of properties characteristic of certain 


‘ actinomycetes, namely, activity against bacteriophages; this activity 
| may or may not extend to the host bacteria. 


Production of Antibiotic Substances by Actinomycetes 


Some of the specific antimicrobial agents or antibiotics produced by 
actinomycetes have been isolated from suitable cultures of the organ- 
isms, either in a crude or in a pure state. A much larger number of 
substances still remains to be isolated, however, since it can be estab- 
lished beyond any doubt, by testing of the crude filtrates, that such 
substances exist. Among those agents that have not as yet been iso- 
lated, but the formation of which is unquestioned, the following may 
be given here only brief consideration: 

1. Substances active against Mycobacterium phlei, but not against 
gram-positive or gram-negative eubacteria. A certain strain of Strep- 
tomyces lavendulae (No. 3465), grown in glucose tryptone medium, was 
found to produce in stationary culture, after 6 and 11 days’ incubation, 
a factor which was heat stable and which inhibited Mycobacterium phlei 
in a dilution of 1:300. This filtrate had no activity against Bacillus 
subtilis, Bacillus mycoides, Escherichia coli, and Pseudomonas aeru- 
ginosa. ‘The same observation was made in the case of another cul- 
ture, which was also found to belong to the Streptomyces group. 

2. Substances active against bacteriophages. Certain cultures of ac- 
tinomycetes have been found to produce factors present in the culture 
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filtrates, which were devoid or nearly devoid of antibacterial proper- 
ties, at least in the concentration tested, yet which inhibited the lysis 
of bacteria by phages. Whether the action of these factors is directed 
against the phage particles or against the host cells, resulting in the 
alternation of their metabolism so as to prevent phage infection or 
multiplication, still remains to be determined. The production of these 
antiphage filtrates is dependent upon the composition of the med- 
jum, in a manner similar to the production of true antibiotics. The 
antiphage action of the filtrates is also specific, some phages being 
affected, and not others. This selectivity is comparable to that of the 
selective antibacterial action of known antibiotics. 

3. Agents active against animal viruses. Certain culture filtrates of 
various actinomycetes appear capable of exerting a slight, but definite, 
inactivating effect upon animal viruses. In one case, the filtrate was 
not antibacterial, although test bacteria were found to be inhibited on 
certain media, as measured by the streak method. From the active 
filtrate of another culture, actinomycin was isolated, as the virus-in- 
activating agent. 

4, Antibiotics active against bacteria and fungi. Although several 
antibiotics have already been isolated from actinomycetes, still others 
remain to be obtained. Those isolated, so far, vary greatly in their 
chemical nature and in their selective_antimicrobial action. 

Among the problems bearing upon the isolation of antibiotic sub- 
stances, two deserve special consideration: 

(a) It is now well established that certain actinomycetes produce 
more than one antibiotic substance. Streptomyces griseus produces 
streptomycin and another, still undescribed factor, present in the 
mycelium of the organism. This factor is soluble in organic solvents 
and differs markedly, in its antibacterial spectrum, from streptomycin. 

(b) The same antibiotic may be produced by different species of 
actinomycetes. Certain unpublished data from our laboratory have es- 
tablished, beyond doubt, that actinomycin is produced by several spe- 
cies of Streptomyces. The same is true of streptothricin. A given 
antibiotic may, therefore, be identical, even when produced by different 
actinomycetes, as shown by its chemical composition and antibiotic 
spectrum. In the éase of other antibiotics, however, certain differences 
in the specific antibacterial spectra of the same type of substance pro- 
duced by different organisms appear to point to differences in the 
chemical structure of the antibiotic. The present information is too 
limited, however, to justify broad generalizations. However, it opens 
some interesting possibilities. 
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SUMMARY AND CONCLUSIONS 


The results of a survey of a large number of actinomycetes, isolated 
from different substrates and cultured on different media, permit cer- 
tain broad generalizations: 

1. A large proportion of the actinomycetes inhabiting natural sub- 
strates have the capacity to inhibit the growth of bacteria and other 
microorganisms. 

2. The ability of these actinomycetes to exert an inhibiting effect 
upon microorganisms is highly specific. This selectivity depends, not 
only on the strain of organism, but also on the medium in which it is 
grown and conditions of growth. 

3. Antagonistic actinomycetes produce a variety of antibiotics that 
vary in chemical nature, in antimicrobial action, in toxicity to animals, 
and in their chemotherapeutic potentialities. 

4. The antibiotics that have, so far, been isolated from actinomy- 
cetes vary in the degree of purification. Some are crude preparations, 
whereas others have been crystallized, and considerable information 
has been gained concerning their chemical nature. They include: ac- 
tinomycetin, actinomyces lysozyme, actinomycin, micromonosporin, 
streptothricin, streptomycin, and mycetin. 

5. Some actinomycetes produce more than one antibiotic substance. 

6. Some antibiotics are produced by several different organisms. 
There is some evidence, however, that, although the same general type 
of substance may be formed by the various cultures, it may not possess 
exactly the same antibiotic spectrum; this suggests the possibility of 
variations in the chemical structure of the agent. 


REFERENCES 


1. Borodulina, U. C. 
1935. Interrelation between soil actinomycetes and B. mycoides. Microbio- 
logia 4: 561-586. 
2. Krassilnikov, M., & A. I. Koreniako 
1939. oe sorrereas substance of the actinomycetes. Microbiologia 8: 
—685. 
3. Kriss, A. 
1940. On the lysozyme of actinomycetes. Microbiologia 9: 32-39. 
4. Nakhimovskaia, M. 
1937. The antagonism between actinomycetes and soil bacteri icro- 
biologia 6: 131-157. Sa ieraeines ale 
5. Waksman, S$. A. 
1945. Microbial Antagonisms and Antibiotic Substances. Commonwealth 
Fund, New York. 
6. Waksman, S. A., E. 8S. Horning, M. Welsch, & H. B. Woodruff 


1942. pee eubon of antagonistic actinomycetes in nature. Soil Sci. 64: 


10. 


WAKSMAN, SCHATZ, AND REYNOLDS: ACTINOMYCETES 85 


. Waksman, S. A., & A. Schatz 


1945. Strain specificity and production of antibiotic substances. IV. Varia- 
tions among actinomycetes, with special reference to Actinomyces 
griseus. Proc. Nat. Acad. Sei. 31: 129-137, 


. Waksman, S. A., & A. Schatz 


1945. Strain specificity and production of antibiotic substances. VI. Strain 
variation and production of streptothricin by Actinomyces lavendulae. 
Proc. Nat. Acad. Sci. 31: 208-214. 


. Waksman, S. A., & A. Schatz 


1946. Soil enrichment and development of antagonistic microorganisms. 
J. Bact. 51: 305-316. 


Welsch, M. 


1942. Bacteriostatic and bacteriolytic properties of actinomycetes. J. Bact. 
44: 571-588. 


ce 


See 

Fa ok On (eat Se ee asd a 

weer: Phe ig le? clon Wet aere Fe 
ee be bac dice. insane mee 

ONS 2 a asi ees a Saale 

Res VEAP, Te aN: ya 'd wield ae joe Ne. 

coh eee ct se—qpeny chee ee ata 

Se proairind Sarin 

zs Ay tr are ag ah, ene ese | 

CME : 7 - i; ¥: eu Mae (ieee 4 ike 

le inst Staring ee ee 

oe gk saya ak Ari Pees oe << 


he a ’ 
- = AP 
, 
i 1 
= 2 a 
a 
“ty 
ra 
! 
as aE agent . 
Ome POF 
ii : “hia! —— > 
co ert. ee ‘<i Ri gt . 
a ~A is a < 
; 


ANTIBIOTIC SUBSTANCES PRODUCED BY 
. BACTERIA 


By Jackson W. Fostrrer* anp H. Boyp Wooprurr 
Merck Research Laboratories, Merck & Co., Rahway, N. J. 


In 1877, Pasteur! reported that laboratory animals, injected with 
the causative agent of anthrax (Bacillus anthracis) and common sapro- 
phytic bacteria, failed to develop the disease. This effect was ascribed 
to oxygen-starvation of the anthrax organism, brought about by utili- 
zation of oxygen by the saprophyte. During the years that followed, 
the inhibitory action was found to be associated with many mixed cul- 
tures and has come to be known as microbial antagonism. We now 
know that antagonisms, in the majority of cases, may be charged to 
the production by one microorganism of metabolic products which have 
toxic or inhibitory activity for other microorganisms. Such chemical 
identities have come to be known as antibiotics. 

As is often the case with scientific studies, chance observation led to 
the study of many antibiotics. Thus, Emmerich,” during a demonstra- 
tion before his class, accidentally discovered that a guinea pig that 
had been previously injected with a culture of Streptococcus erysipela- 
tis did not develop cholera when inoculated with Vzbrio cholerae. 
This was followed closely by Bouchard’s* observation that rabbits, 
previously inoculated with Bacillus anthracis, did not develop anthrax 
when small amounts of cultures of Pseudomonas aeruginosa were in- 
jected, a finding that was later extended to include sterilized Pseudo- 
monas aeruginosa cultures. The mass of literature, often conflicting, 
that has accumulated concerning these antagonistic activities, leads 
one to realize that only through the chemical isolation of the anti- 
biotics concerned is it possible to completely understand the antagonis- 
tic phenomena. In the case of Pseudomonas aeruginosa antagonisms, 
~the activity has been variously ascribed to enzymes, fatty acids, sur- 
face tension depressants, pigments, etc. In the 67 years since this type 


of antagonism was first noticed, no less than two phenazine derivatives, | 


with their structure confirmed by synthesis, and five crystalline com- 
pounds of unknown structure, all with antibiotic activity, have been 
isolated from this one organism. Is it any wonder that different in- 
vestigators, working with different strains of this organism and different 
media, have reported conflicting results? 
Returning to the discovery of antagonistic bacteria, four conditions 
have furthered their investigation. The first of these is chance, which 


* Present address: Department of Bacteriology, University of Texas, Austin, Texas. 


(87) 


88 ANNALS NEW YORK ACADEMY OF SCIENCES 


is materially aided by the investigator’s curiosity and perception. 
Secondly, comes natural indication of antibiotic action. Active an- 
tagonists, such as many of the pseudomonads, exert a directing effect 
upon natural bacterial populations. Thus, the typhoid organism and 
even Escherichia coli do not persist in water basins where conditions 
are favorable for development of Pseudomonas fluorescens. Promot- 
ing development of spore-forming bacteria in soil, with green manures, 
or favoring development of the fungus Trichoderma in soil, materially 
reduce attack of the damping-off fungi on seedlings. Such natural 
phenomena have led to the discovery of antagonists. Thirdly, dis- 
tinctive characteristics, such as color, insolubility in culture medium, 
etc., have led to the isolation of compounds which later proved to be 
antibiotics. Fourthly, antibiotics have been obtained by planned ex- 
perimentation. The early success of Dubos,* in applying the enrich- 
ment procedures, as used in soil microbiology, to the isolation of bac- 
teria producing enzymes specifically lytic for the capsular polysac- 
charides of the pneumococci, has been described often. In the pres- 
ence of a resistant food source, those microorganisms possessing the 
specific enzyme for that food will find conditions favorable for de- 
velopment. Those bacteria possessing the specific enzyme, or capable 
of producing an active adaptive enzyme, will multiply. However, the 
enrichment procedure is not directly applicable to the isolation of an- 
tagonists. Essentially, the method requires the addition of living mi- 
croorganisms to the soil. It has been suggested that antagonists in the 
soil destroy the added bacteria by the production of antibiotics, and 
then multiply at the expense of the killed bacteria. 

Destruction of foreign organisms, such as Escherichia coli and M yco- 
bacterium tuberculosis, by biological means in a bacteria-rich substrate, 
such as soil, has been proved (TABLE 1). The biological destruction 
became more efficient, as new additions of the foreign organism were 
made. Lach enrichment consisted of the addition of billions of living 
Escherichia coli cells per gram of soil. After eleven enrichments, less 
than 1000 Escherichia coli cells were recovered per gram of soil, whereas 
more than six billion were present per gram following the first enrich- 
ment. After the soil had been freed of living microorganisms by heat 
sterilization, Escherichia coli multiplied. 

In one sense, this is the equivalent of the enrichment method for the 
isolation of cellulose decomposers, or organisms active against the pneu- 
mococcus polysaccharide, since the enrichment culture became more 
active with enrichment. However, it has not been possible to show 
an increase in the proportion of antagonists specifically associated with 
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roa TABLE 1 


Survivau or Escherichia coli 1x Sreriue AND Non-Srerite Sow 
Thousands per gram 
ene eee eee eee ape eens Se wena eee AY ABU NIT 2 0U3, i. 


Sterile soil Fresh soil 
2 é No. of microorganisms 
” eet No. of Incubation E. coli pore ; 
perio E. coli period : * 
days . colt days enrichments EB. coli Total 
: population 
0 2.6 0 0 OUee aren 
10 149,000 5 1 6,800 25,600 
26 138,000 33 5 130 22,100 
r Pees ieey 11 0 40,000 


_* Approximately one week elapsed between the last enrichment and the determination of sur- 
viving Escherichia coli. 
t 2,600 cells of Escherichia coli added per gram of sterile soil. 


TABLE 2 


INFLUENCE oF ENRICHMENT OF Som witH Escherichia coli on THE ABUNDANCE 
or ANTAGONISTS 


Number of Number of : 
Naniber microorganisms antagonists* ae ae 
Ebdays (thousands) (thousands) 0 
Control | Enriched Control | Enriched Control | Enriched 
BY Gi 8,800 46,000 500 4,000 Onn 8.7 
127t 9,100 40,000 1,150 5,700 12.6 14.2 


ISLS eed having a lytic action on living Escherichia coli cells in the absence of organic 
nutrients, 

+ Five enrichments before the first count. 

t Eleven enrichments before the second count. 


the living enrichment agent, in such enrichment cultures (TABLE 2). 
Although numbers of antagonists did increase with enrichment, this 
increase was proportional to the increase in total bacterial population. 
Similar results could have been obtained by the addition of any nutrient 
source to the soil, and are not specific for the addition of living bacteria. 
The chances of random selection of an antagonist from an enriched 
soil are not better than from a control soil. 

By adding nutrients, it may be possible to modify the soil popula- 
tion, so that one group (for example, the spore formers) predominates, 
and in this manner, change the inherent antagonistic power of the soil. 
Such changes, however, are not specific, or limited to those produced by 
enrichment with living bacteria. For practical isolation purposes, the 
enrichment cultures must be studied by means of some selective method 
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that will not only allow detection of the increased number of antagon- 
ists, in the enrichment culture, but will eliminate the increased number 
of non-antagonistic bacteria. This is relatively simple when antagon- 
ists possessing lytic activity are desired, since antagonistic colonies on 
agar plates containing a dense suspension of bacteria will be surrounded 
by zones of lysis. No satisfactory selective medium that will allow 
growth of antagonists showing only bacteriostatic or bactericidal, but 
not lytic, activity has yet been devised. 

It is evident, from the studies of Stokes and Woodward,° that enrich- 
ment of soil with gram-positive cocci was not necessary for the discov- 
ery of the bacillus that produces tyrothricin. Similar antagonists, pro- 
ducing tyrothricin, are present in every soil: They may be easily dem- 
onstrated by plating soils in a rich organic medium at low concen- 
tration. Subsequent crowding serves to demonstrate antagonists. 
Colonies surrounded by clear zones where spreaders are inhibited may 
be isolated as possible antagonists. 

Of 24 antagonists picked from plates similar to these, seven proved 
to be characteristic tyrothricin-producing strains, all similar‘ in bio- 
chemical characteristics. These proteolytic spore-forming rods are 
normal inhabitants of soil and form the zymogenic population of the 
soil. As such, they exist in normal soils only as resting or slowly divid- 
ing cells, becoming active in the presence of easily-decomposable, nitro- 
genous organics. It is of little importance to the spore-forming antag- 
onist whether this food is present in the form of peptone, leaves, or 
Escherichia coli cells. 

Thus, despite its successes, the planned development of microbial 
antagonists is a useful tool only when a complete understanding is had 
of the processes involved. 

No attempt can be made here to review completely all bacterial anti- 
biotics. Rather, it will be more practical to examine a group of an- 
tagonistic bacteria of promising economic and theoretical interest. 
The spore-forming bacteria meet these qualifications, because of recent 
successes in detoxification, treatment of experimental infections, and 
suggestions of mode of action. Whereas any discussion of spore-form- 
ing antagonists must begin with gramicidin, it is only with the most 
recent work that we need be concerned. 

Gramicidin and tyrocidine hydrochloride, isolated in crystalline form 
and studied chemically by Dubos* and Hotchkiss,* and gramicidin §S, 
obtained crystalline by Gause and Brazhnikova,’ all are obtained from 
Bacillus brevis. Being polypeptides, poorly soluble in water, but sol- 
uble in alcohol, these crystalline antibiotics may be differentiated with 
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certainty, on the basis of chemical characteristics alone. They are un- 
usual natural compounds, since a portion of the amino acids liberated 
upon hydrolysis are of the unnatural form (TABLE 3). 


TABLE 3 
(From Belozersky, A. N., & T. S. Passhina. Lancet 247(2): 716-717. 1944). 


Gramicidin Tyrocidine Gramicidin 
Dubos hydrochloride Ss 
Melting point 228-230°C. 240°C. 268-270°C. 
Molecular weight (Rast) PABA ODO 1260 1060-1340 
Free NH: + _ 
Free COOH _ 4 + 
pe ee ution on 
ydrolysis (hours) 18 2 18-20 
Total N (Kjeldahl) 14.8% 14.3% 13.0% 
Tryptophan + + = 
Tyrosine’ - ain = 
Dicarbonic acids _ + = 
Phenyl-alanine - te = 
Proline — ae A: 
Ornithine — te sie 
Leucine a ie oe 


The relative clinical value of the three preparations is not as well 
established. While of value in the treatment of local infections, the 
toxicity has prevented wider application for systemic infections. Re- 
cently, Lewis et al.* have been able to detoxify gramicidin, without 
altering antibacterial activity, by treatment with formaldehyde. Clin- 
ical studies with detoxified gramicidin have not been reported. 

The mode of action of the antibiotics from Bacillus brevis has been 
explained upon the basis of change in surface tension brought about by 
gramicidin and tyrocidine. Stimulation of oxygen uptake, in studies 
with Staphylococcus aureus, have been noted. This phenomenon has 
led to a suggestion that gramidicin blocks synthesis of polysaccharide 
~ storage products by the cell. 

Gramicidin blocks phosphate uptake by cells, in concentrations 
which are bacteriostatically effective. The quantity required for this 
effect is related to the sensitivity of the cell for gramicidin, and the 


_ action on phosphate uptake and bacteriostasis are both inhibited by 


cephalin (Hotchkiss®). 

Characterization of the chemical properties of the gramicidins has 
aided materially in the isolation of a similar type of compound from 
Bacillus subtilis. This culture grows well and produces antibiotic ac- 
tivity on a wide variety of media, including both organic and inorganic 
types. As might be expected from this proteolytic species, polypep- 
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tides may be isolated from cultures. Jansen and Hirschmann® re- 
ported the isolation of a crystalline polypeptide by the gramicidin iso- 
lation procedure, but it was without antibiotic activity. The sediment 
obtained with a Sharples centrifuge, which contained the whole cells, 
was as active as isolated tyrothricin, and this active principle could be 
further purified ten times by ethanol extraction and acid precipitation 
of the antibiotic. Subtilin, as the substance was termed, proved to be 
highly diffusible, similar to penicillin, in contrast to the practically 
undiffusible gramicidin. 

There is a possibility that subtilin may become useful as a thera- 
peutic drug, since no reports of toxicity have appeared, and the range 
of organisms inhibited by it has been extended from the common gram- 
positive types to include Mycobacterium tuberculosis. 

Bacitracin is an antibiotic of reported therapeutic activity. Pub- 
lished data concerning its chemical properties are meager. It has not 
been clearly differentiated from subtilin. Jern and Meleney’® re- 
ported bacitracin concentrates of 100 units per cc. activity to be not as 
efficient as penicillin, in treatment of embryonic eggs infected with 
Staphylococcus aureus, but three out of four infected eggs survived for 
the experimental period. A later report by Johnson, Anker, and Me- 
leney*? demonstrated much greater sensitivity of hemolytic streptococci 
and clostridia for the antibiotic. Jn vivo action of bacitracin was 
demonstrated for both infections in animals. Thus, there is a promise 
of practical application for bacitracin. 

Simplexin stands as an example of an antibiotic which is so nodal, 
defined, chemically, as to be indistinguishable from other types, except 
for its Ph ateceeui ie antibacterial spectrum. In contrast to the more 
limited activity of the substances described previously, simplexin has 
been found active against 77 out of 81 species of parasitic and sapro- 
phytic fungi, as well as bacteria. First described by Cordon and Haen- 
seler,” and later studied by Katznelson,** it has offered some promise 
of application against plant pathogens. Simplexin is remarkably 
stable. It may be adsorbed on charcoal and eluted with ethanol, but 
no additional information has been published concerning its shamed 
properties. 

A new antibiotic, named bacillin, is included as a final example of 
antibiotic types from spore-forming bacteria.*15 This substance, 
which differs from all antibiotics described from bacteria, is charac- 
terized by a remarkably constant bacteriostatic spectrum against a 
wide range of microorganisms. Bacillin may be differentiated clearly 
from subtilin and simplexin, on the basis of the bacteriostatic spectrum; 
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and from tyrothricin, on the basis of diffusibility, as well (TABLE 4). 
It is produced by Bacillus subtilis on synthetic media, and similarly 
to the formation of simplexin and subtilin, its formation is stimulated 
greatly by the presence of manganese salts in the medium. Bacillin 
may be concentrated by adsorption from the medium on charcoal 
(Darco) and elution with ethanol. Preparations obtained in this man- 
ner have inhibited growth of Escherichia coli in dextrose-asparagine 
agar in a concentration of 0.67 y per ml. The presence of blood or or- 
ganic media markedly reduces bacillin activity. 


TABLE 4 


ComPaRATIVE ANTIBACTERIAL SPECTRA oF ANTIBIOTICS FROM THREE DIFFERENT 
AEROBIC SporE FoRMERS 


Ratios of amount of antibiotic material 


required for inhibition* 
Organism E. coli as unity S. aureus as unity 
Bacillin Simplexin Bacillin Subtilin 

E. coli 1.0 1.0 2.7 >10 
E. typhosa__ 0.5 1.0 1.4 >10 
S. paratyphi 0.09 So2 0.25 10 
Pasteurella sp. 0.37 0.13 =A mies 
D. pneumoniae 1.0 0.13 ie 
M. conglomeratus en ar 2.0 1.0 
S. aureus 0.37 >32 1.0 1.0 


* Streak method on nutrient agar. 


As expected from the scarcity of chemical information, little ex- 
planation can be given concerning the mechanism of action of most of 
the antibiotics from bacteria. Especially difficult is the explanation 
of wide range of inhibition from one species, or even strain, of test or- 
_ganism to another. Explanation of antibiotic action of bacillin need 
not be concerned with this point. 

The neutralizing effect of para-aminabenzoic acid upon the antibac- 
terial activity of sulfanilamide and derivatives has led to the synthesis 
and demonstration of antibacterial activity of a number of compounds 
- related to growth-promoting compounds. A similar mode of action 
has been suggested by McIlwain"* for iodinin, the antibiotic of Chromo- 
bacterium iodinum. Iodinin is antagonized by substances having vita- 
min K activity. Four possibilities were considered by Mcllwain: (1) 
reaction between inhibitor and antagonist, in the absence of the or- 
ganism; (2) interaction, in the presence of the organism; (3) action 
of substances that normally promote growth of the organism; and (4) 
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other cases, in which the antagonist is more specifically related to the 
process of inhibition. Statement (2) applied to iodinin antagonism 
(taste 5). A competitive mechanism was proposed for the interaction. 
Competition existed between the antibiotic iodinin and certain non- 
antibiotic quinones. Cells that adsorbed the latter were capable of 
multiplying. Then, the iodinin was detoxified by reduction. 

The action of cephalin upon gramicidin is not similar, because of the 
dissimilarity of these compounds. Proof of a competitive action has 
‘not been reported for other bacterial antibiotics. 

The discovery that bacillin had reduced activity in complex organic 
media led to the investigation of the factors responsible (TABLE 6). It 


TABLE 5 


Mourvatty NEvUTRALIZING QUANTITIES OF JODININ AND 
2-MeEtTHYL-1 :4-NAPHTHAQUINONE 
(From MclIlwain, H. Biochem, J. 37: 265-271. 1943.) 


Time (days) before appearance of visible growth in medium 


Todinin (M) containing 2-methylnaphthaquinone (M) . 
Ax10>* | 2x 107%) 1 x 105°) 5 x 105" | 2:52 1057 eae 
2x 1075 ly 2 >7 ST 
1x 10,5 3% 2 3 Sf 
ox 105? see 1% 1144;2 ae Vi Fal 8 
Zorn Oise wets 34 34,144 14;2 ii Sens 
1.2x 10° uae 34 34 345.1144 Se >a 
6x 1077 ay 7 oes 34 3 >7 
3 x 1077 and less ss Las nic 34 34 34 
TABLE 6 


InupIToRY Errect or CoMPLEX ORGANIC MATERIALS OF BACILLIN ACTIVITY 
(Dextrose-asparagine medium) 


Dilution of bacillin 
Substance added p Bote ate concentrate inhibiting 


E. colt 
None ). See ee 24,000—48,000 
Brain-heart infusion, Difco 10 mg. 375-750 
N-Z-Case, Sheffield Farms 10 mg. 375-750 
Tryptone, Difco | 10 mg. 3,000—6,000 
Yeast extract, Difco 10 mg. 6,000-12,000 
Beef extract, Difco 10 mg. 12,000-24,000 
Liver extract, Wilson 10 mg. 12;000-24,000 
Beef blood, Difco 10 me. 24,000-48,000 
Fresh whole rabbit blood 0.1 ml. 188-375 
Fresh rabbit serum 0.1 ml. 1,500-3,000 
Cephalin 1.0 mg. 24,000-48,000 
NaCl 0.1 mg. 24,000—48,000 
NaCl 1 


.0 mg. 24,000-48,000 
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may be noted that many of the common bacteriological complexes used 
for growth of bacteria had a depressing effect upon bacillin activity. 
Further, the depressing effect was found to be in direct relationship to 
the concentration of organic complex present in the medium. 

Since the most effective inhibitors of the antibiotic activity were 
products that had undergone partial hydrolysis, further hydrolysis 
was accomplished with sulfuric acid (TABLE 7). 


TABLE 7 


Errecr or Actp Hyprotysis oN ANTIBACILLIN Activity or NaturaL MATERIALS 


Dilution of bacillin concentrate 


Supplement to inhibiting £. colt with 


dextrose-asparagine 


agar Unhydrolyzed ; Hydrolyzed 
supplement, supplement, 
0.5 per cent 0.125 per cent 
None 7680-10,240 7680—10,240 
Starch 7680 7680 
Agar _ 7680 7680 
Gelatin 5120-7680 480-640 
Casein >7680 640-980 
Peptone 1920-2560 1280-1920 
Beef extract >7680 7680 
Egg albumin 1280-1920 1280-1920 
Wheat bran >7680 5120-7680 
Cottonseed meal >7680 2840-5120 
Milk (solids basis) <320 1280-1920 


Proteinaceous materials became more effective in neutralizing bacil- 
lin upon hydrolysis, and the two essentially pure proteins, gelatin and 
casein, were highly effective after hydrolysis, although of no effect be- 
fore.. Egg albumin and milk were the only unhydrolyzed materials 
having a neutralizing effect on the antibiotic. Because of a direct 
relationship existing between concentration of supplement and neutral- 
zation of antibiotic activity, the activity reduction reported in the 
hydrolyzed supplement column of TABLE 7 is one-quarter the amount 
that would have been obtained, if equivalent amounts of hydrolyzed 
and unhydrolyzed supplement had been tested. 

Further studies with gelatin conclusively showed that the factor was 
liberated upon gelatin hydrolysis, and liberation was, in fact, dependent 
upon acid concentration (TABLE 8). 

Liberation of the additional factor was found, with increased time 
of incubation at a constant acid concentration, but after an optimum 
period, the concentration of the factor decreased. Enzymes had a 
similar liberating effect, 
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It was possible to prove that the factor was organic in nature, re- 
markably stable and specific, and to purify it to the stage that 0.25 Y 
per ml. of agar would reduce the bacillin titer of a concentrate against 
Escherichia coli from 1:50,000 to 1:10,000. These facts indicated a 
compound of sufficient specificity for the name, antibacillin, to be ap- 
plied to it. 


TABLE 8 


Errect or StreNcTH or ActipD oN LIBERATION OF ANTIBACILLIN FROM GELATIN 


Concentrate of H2SO. used Dilution of bacillin concentrate 
during hydrolysis! inhibiting H. coli? 
No supplement 10,240 
Unhydrolyzed gelatin 10,240 
0.25N 2560-5120 
0.5N 1280-2560 
1N 320-640 
2N 160 
4N 160-320 
6.7N 160-320 


1 For 1 hour at 120°. d : 
2 Concentration of hydrolysate=0.2 per cent in all cases. Dextrose-asparagine agar was the 
assay medium, 


Consideration of the postulates of McIlwain, for explanation of neu- 
tralization of antibiotics, indicated that the antibacillin-bacillin effect 
is @ competitive action, similar to that postulated for para-amino- 
benzoic acid-sulfanilamide or vitamin K-iodinin. 

From mixtures of bacillin and antibacillin in which the antibiotic 
activity of-bacillin is completely inhibited, both substances may be re- 
isolated by a relatively mild adsorption procedure. The isolated sub- 
stances are fully active. This is strong evidence for a competitive ac- 
tion (TABLE 9). 

Attempts to demonstrate vitamin activity for antibacillin, in the 
same manner as previously established for para-aminobenzoic acid, 
have, so far, been inconclusive. Isolation as partial hydrolysis prod- 
ucts from proteins suggests similarity to the strepogenin of Woolley 
and Sprince.” It is true that highly purified antibacillin preparations 
do have strepogenin activity. However, consideration of the relative 
strepogenin activity and antibacillin activity of a number of concen- 
trates indicates a disparity that cannot be explained, if these two bio- 
logically active substances are considered identical (TABLE 10). 

Demonstration of a vital function which antibacillin may play in 
the metabolism of the microorganism awaits further study. 


\ 
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~~ "TABLE 9 


REISOLATION OF BACILLIN AND ANTIBACILLIN FROM MIXTURES 


Bacillin activity* Antibacillin activity* 


eyes pammemmera Tots y/cc. of agar to reduce 
aoe ee bacillin activity to 1/10 
Active substance Seema! 
Before After Before After 
noritet norite norite norite 
process process process process 
Bacillin (eaniee 51,200 19,200-25,600 Je ee 
Bacillin+ antibacillint <1,600 12,800-19,200 tks 60-120 
Antibacillint ere GAS 60-120 60-120 


* Dextrose-asparagine medium. 
t+ Antibacillin prepared from hydrolyzed gelatin. 

ae orey adsorbed from neutral solution on norite and eluted with 90% EtOH. Antibacillin not 
sorbed. 


Tasie 10 


STREPOGENIN AND ANTIBACILLIN AcTIviTy oF DirrERENT SUBSTANCES 


Strepogenin activity* Antibacillin activity t 
Substance 

mg./ce. ratio mg./cc. ratio 
Antibacillin concentrate 0.03 1.0 | 0.0067-0.013 1.0 
pirepogenta concentrate 0.02 0.67 0.14-0.28 21 
Hydrolyzed gelatin 10 330 1.0 100 
Meat extract 0.22 7.3 8.3 830 
Dried milk 4.4 150 0.10-0.20 15 


* 1% maximum L. casei growth in synthetic medium. ' 
t 90% reduction in #. coli units of bacillin in dextrose-asparagine agar. 


In conclusion, it may be stated that the purpose of this discussion 
has not been to review knowledge of antibiotics from bacteria. Rather, 


-it has been to point out types of studies needed for scientific apprecia- 


tion of the field. It no longer does more than confuse matters merely to 
report inhibition of a group of organisms by a bacterial culture filtrate. 
A more exact chemical appreciation of the antibiotics concerned is 
needed. Exhaustive toxicity determinations and tests of therapeutic 
effectiveness upon these chemicals, then, become more significant. 
Finally, we are approaching the stage when evidences of mode of action 
of the antibiotics may be gathered into concrete theories, 
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THE PHARMACOLOGY OF STREPTOTHRICIN 
AND STREPTOMYCIN 


By Hans Mo itor 
Merck Institute for Therapeutic Research, Rahway, N. J. 


Although streptothricin' and streptomycin? possess rather similar 
chemotherapeutic properties, they differ considerably in their toxicity \_»~ 
and pharmacodynamic effects. Furthermore, since neither of them | ‘ 
has, as yet, been synthesized, nor is available in absolutely pure form, | 
all studies, to date, have been performed with preparations containing / 
varying amounts of impurities. Many of the pharmacological prop- | 
erties observed may be due, therefore, to these, rather than to the active | 
principles, a factor which obviously complicates the pharmacological 
and clinical evaluation. 

It may seem inappropriate to open a discussion of the pharmacology 
of streptothricin and streptomycin by placing emphasis on impurities; 
yet, the longer one studies these drugs, the less can one escape the con- 
viction that the pharmacology of streptomycin and streptothricin, in 
the form in which we know them today, is, to a very large degree, due 
to one of their “standard” impurities. I shall use this term, in the 
following discussion, to designate contaminants which, unless specific- 
ally removed, may be expected to be constantly present in prepara- 
tions of the average type, varying only quantitatively, but not quali- 
tatively, as long as the parent strains of Aspergillus lavendulae an 
Aspergillus griseus, the composition of the nutrient media, and ie 
processes of extraction, concentration, and finishing, remain the same 
In contrast to these “standard” impurities, which are as much a part) 
of the average streptomycin and streptothricin preparation as the ac- 
_tive principle itself (but which vary widely with preparations of dif- 

_ ferent origin), there may be found non-specific impurities, resulting 
from the use of impure ingredients, accidental contamination, errors 
in manufacturing, improperly cleaned equipment or containers, etc. 
We shall not concern ourselves with this type of non-specific impurity, 
~ which is rare and should never be encountered in a preparation that has 
been released for clinical use, provided, of course, that a rigid system 
of control is maintained. 

The existence of “standard” impurities, in practically every prepara- 
tion of streptothricin and streptomycin, needs to be stressed, because 
some statements, though based on valid experimental evidence, may 
later have to be modified or completely discarded, once the experiments 

(101) 
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have been repeated with absolutely pure material. Nevertheless, the 
presence of these impurities does not significantly alter the results of 
the bacteriological potency assay and, for this reason, has probably no 
\ direct bearing on the chemotherapeutit usefulness of these drugs, except 


—>\that it may cause, or aggravate, some undesirable side- effects. 


~ In order to present as clearly as possible the complex picture of the 
pharmacology of agents which regularly carry varying amounts of 
several pharmacodynamically highly active impurities, I should like 
to describe, first, the findings obtained with average preparations of 
streptothricin and streptomycin, such as are generally used in the 
clinic. Next, we shall examine to what extent these pharmacological 
properties are modified by the “standard” impurities. Lastly, we 
shall review the possible clinical significance of each “standard” 
contaminant and, in this connection, discuss some of the presently 
adopted official standards. These are entirely based on pharmacolog- 
ical findings and represent a compromise between the desire to provide 
a safe agent, of known chemotherapeutic potency, and as little inter- 
ference as possible with the production of this urgently needed new 
drug which, at this time, cannot be produced economically, in pure 
form, on a commercial scale. 

The use of impure drugs in human therapy is, of course, nothing 
new or unusual. Patients have benefited for centuries from the 
prescription of such remedies as digitalis and ergot, and more re- 
cently, extracts of various glands, vitamin concentrates, protein hy- 
drolysates, etc. As long as the amount and type of impurity are known 
and controlled, there can be little objection to the use of impure 
drugs, which indeed represent a major portion of today’s therapeutic 
armament. 

| Streptothricin and streptomycin, which, in their particular domain, 


) vival the therapeutic efficacy of penicillin, do not, however, share its 
) almost complete pharmacodynamic inertness. Streptothricin is by 


far the more toxic of the two, but streptomycin, likewise, possesses, 
even in highly purified form, toxic properties that place a definite up- 


? per limit on the doses which can safely be given. 


When injected into mice or rats, both agents produce quite similar 
effects. Almost immediately after an intravenous injection and only 
a few minutes after a subcutaneous injection, the animals exhibit res- 
piratory difficulties, lose consciousness and, with sufficiently large doses, 
may die from asphyxia, the heart continuing to beat for several minutes 
after complete cessation of breathing (ricuRE 1). However, while ani- 
mals which recover from the first impact of a sublethal dose of strep- 
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Figure 1. Comparison of acute toxicity of streptomycin and streptothricin. 


tomycin survive without further ill effects,» * animals injected with 
streptothricin, after 1-2 days of apparently complete well-being, lose 
their appetite. Their fur becomes ruffled, they breathe with increasing 
difficulty, the urinary output decreases, and they die within several 
days after reappearance of the toxic signs®* (FicuRE 2). This de/ 
layed reaction is the outstanding toxicological difference between 
__ streptomycin and streptothricin. 

A similarly delayed onset of the toxic reaction is also observed in 
the topical application of streptothricin.® Instillation into a rabbit’s 
eye of a buffered solution, containing 500-1,000 units per ccm. of either 
agent, is likely to cause an immediate inflammatory reaction. This is 
- much more pronounced with streptothricin, but generally disappears 
with both drugs within the 12-24 hours following application. How- 
ever, while, in the case of streptomycin, the eye remains normal there- 
after,‘ a second and much more severe reaction appears, after an addi- 
tional 24-48 hours, when streptothricin has been given.® It is char- 
acterized by an intense hyperemia and by the formation of a thin white 
membrane which completely covers the cornea. Even after 1-2 weeks, 
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Figure 2. Comparison of delayed toxicity of streptomycin and streptothricin. 


the palpebral fissure may still be shut by a mucoid mass of disinte- 
grated white cells. Permanent loss of vision is the usual outcome of 
a topical application of a streptothricin solution of the above concen- _ 
tration. With streptomycin, a delayed reaction of this type has never / 
been observed (PLATE 4). 

The doses of streptothricin tolerated for several weeks by mice and 
rats are relatively small (below 5000 units per kgm. per day). Larger 
doses cause loss of body weight and muscle tone, gross hematuria, a 
steady decrease of urinary volume, and eventual death from renal 
insufficiency. Similar toxic effects are observed in dogs and monkeys, 
which, on a body weight basis, are even more sensitive than the smaller 
species.° 

Streptomycin, on the other hand, is tolerated by mice and rats, in 
average daily doses up to 200,000 units per kgm., for periods up to 
several months.* Since the units for streptothricin and streptomycin | 
are practically of the same order of magnitude, the much higher 
toxicity of streptothricin becomes immediately apparent. | 

When streptomycin doses exceeding the tolerated limits are given, 
characteristic pathological changes are regularly observed, particu- 
larly in the larger animal species.’ The hepatic and renal function 
becomes increasingly impaired, as judged by function tests and bio- 
chemical criteria. In addition to this, neurotoxic signs may develop 
after administration of sufficiently large doses, consisting, in rats, of 
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a high degree of hyperexcitability, restless, rapid, spasmodic, and un- | 7 
E coordinated movements ;° in dogs, of a striking change in gait and pos- i 
ture and, possibly, impairment of hearing.* Autopsy of animals over- 
_ dosed with streptomycin reveals a fatty metamorphosis of the liver _~ 
_ and, less frequently, the kidneys (pLate 5). These changes, however, ~ 
_ appear to be reversible, if the drug administration is stopped in > 
» time.* 7 
Autopsy findings in dogs and monkeys injected with streptothricin 
show hepatic and renal changes, predominantly in the tubules, of a 
similar nature, although of greater severity and often progressing to 
complete necrosis® *° (PLATE 6). In addition to these changes, con- 
gestion and extensive hemorrhages, particularly around the capillaries 
; of the mucosa, are found along most of the intestinal tract, as well as 
. ulcerative lesions with marked suppuration and necrosis in the tongue, 
lips, and buccal mucosa. Local necrosis occurs at the site of intra- 
muscular or subcutaneous injections.*° 


_ The impairment of renal function, regularly observed in animals) — 
_ poisoned with streptothricin, appears to be closely related to the total \ 
amount of drug given. Thus, a single injection of 80,000 units per 
_ kgm. produced an almost complete anuria, on the sixth day after in- 
jection, while a single dose of 20,000 units per kgm. was ineffective in 
this respect. If, however, the number of injections was increased to 
20,000 units per kgm. daily, for 3 days, and 10,000 units per kgm. 
daily, for 10 days, results similar to those of a single injection of 80,000 
units were obtained® (ricure 3). No such cumulative or delayed ef- 
fects were ever observed with streptomycin.* 


In contrast to the difference in delayed effect, the immediate action 

upon water diuresis is very similar with both drugs and depends, 
3 largely upon the purity of the preparation. A single dose of eithey| 
agent may cause a temporary inhibition, after which, in the case of) 
_ streptomycin, the diuretic response soon becomes normal; while, with| 
streptothricin, the course of recovery depends upon the quantity| 
administered.° 

The acute effects of streptothricin and streptomycin upon the circu- 
latory and respiratory systems are quite similar. Small doses cause — 
a transient increase in the depth and frequency of respiration, while | 
large doses exert a depressing effect. Intravenous injection of a prep- 
aration of average purity causes peripheral vasodilatation and a sharp 
fall in arterial blood pressure.** These effects vary greatly with the 
purity of the preparation, the rate of injection, and the concentration, 
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Ficure 3. Effect of single and repeated doses of streptothricin on water diureses of rats. 


being most pronounced when a concentrated solution is injected rap- 
idly (PLATE 7A). 

The principal pharmacodynamic effects of streptothricin and strep- 
tomycin concentrates of average purity may, thus, be summarized as 
follows: (1) Both cause acute death from asphyxia; (2) upon pro- 
longed administration, both cause hepatic and renal damage; (3) both 
produce, upon parenteral administration, peripheral vasodilatation and 
a fall of blood pressure; (4) both temporarily inhibit water diuresis; 
(5) both produce local irritation, which, however, is much more severe 
with streptothricin. 

The drugs differ decidedly, however, in their delayed effects. These 
are very marked and quite regular with streptothricin, while they are 
completely absent with streptomycin. 

Streptomycin occasionally produces, upon repeated administration, 
neurotoxic disturbances, particularly of the auditory and vestibular 
systems.* Such disturbances have not been reported for streptothricin; 
however, re-examination of old protocols suggests that such changes 
may, actually, have been present and may have-been ascribed to the 
debilitated condition of the animals and the presence of uremia. 

The foregoing description provides a fairly complete account of the 
characteristic pharmacodynamic effects, which follow the administra- 
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tion of streptothricin or streptomycin of average purity. We shall 
now examine which of these effects are intrinsic properties of these 
antibiotics, and which may be ascribed to the “standard” impurities 
which accompany them. 

There is ample experimental evidence that, at least, the acute intra- 
venous toxicity, the circulatory effects, and the inhibition of water 
diuresis are largely influenced, if not entirely caused, by “standard” | 
impurities. One of these is histamine-like, if not histamine itself. Its. 
quantity varies considerably from lot to lot and depends, among other 
factors, upon the composition of the nutrient broth used for growing 
the parent molds, and the methods of extraction. This impurity 
may be destroyed by histaminase,* * an enzyme which inactivates 
histamine. 

As may be seen from the difference in results obtained with the same 
preparation, before and after treatment with histaminase, this im- 
purity is largely responsible for the circulatory effects (PLATE 7B) and 
the temporary inhibition of water diuresis (FiGuRE 4). It has, how- 
ever, no influence upon the acute intravenous and possibly subcuta- 
neous toxicity, as shown by a comparison of histaminase-treated eel 
untreated lots‘ (FicuRE 5). The fact that the smallest dose of his- | 
tamine which regularly kills mice, upon intravenous injection, is at 
least 300 times larger than the amount of histamine found in the most 
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Ficure 4. Effect of pure streptomycin and streptomycin concentrate on the water diureses of 
rats. Rate of excretion = curve on left. Total volume = columns on right, 


A. Control 5 cc. water per 100 gm./kgm. s.c. 
B. Pure streptomycin 250 mg./kgm. s.c. 
C. Streptomycin concentrate 250 mg./kgm. 8.c. 
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Figure 5. Intravenous toxicity of histaminase treated streptomycin concentrate. 


heavily contaminated lot of streptomycin, serves as a further con- 
firmation of this view. 

The degree of contamination with the factor (or group of factors) 
responsible for the acute toxicity is largely independent of the potency 
of the preparation. Thus, we find both low and high potency lots 
with a high subcutaneous or intravenous toxicity. Indeed, even the 


~ most highly purified lots with potencies of approximately 750 units 


per mgm. vary considerably in their intravenous and subcutaneous 
toxicity.* 

Since these highly purified lots contain only a very small amount 
of chemically unidentified substances and yet require only such small 
total doses as 2 mgm. per mouse, to produce acute death upon intra- 
. venous injection, it follows that we are dealing with an extremely toxic 
< impurity. This may y also. explain the fact that the presence of this 


_ impurity cannot yet be detected by any chemical means, and that the 


only method for its qualitative and quantitative assay consists in an 
intravenous toxicity test. We have, at this time, no information re- 
garding its chemical nature, nor do we know whether it consists of a 
single or of a group of contaminants. We can, however, postulate its 
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other impurity, it is not influenced by histaminase, and because even 
the most highly purified lots vary as much as 100%, in their intraven- | ) 
ous and subcutaneous toxicity. 

The toxic manifestations, following administration of streptomycin 
and streptothricin, may thus be divided into 3 groups: (1) Those due’ 
to the active principle itself; (2) those due to the histamine-like con- 
taminant; (3) those caused by the highly toxic unidentified factor(s). 
The evaluation of the relative role of each of these elements in the 
composite, final, pharmacological reaction is complicated by the possi- 
bility that the specific action of each may be enhanced or decreased 
by the presence of the others. Thus, there is already experimental 
evidence that streptomycin is antagonistic to the histamine factor. 

The renal and hepatic changes following administration of strepto- 
thricin and streptomycin are apparently caused by the active prin- 
ciples of these agents, since they occur independently of all other 
pharmacodynamic effects and seem to be closely related to the total 
amount of drug administered. The delayed toxic reactions, charac- 
teristic of streptothricin, may also be regarded as a specific property 
of this antibiotic. Whether the neurotoxic signs, occasionally ob- 
served in animals* and man” after large doses of streptomycin, are 
caused by the agent itself (either due to overdosing or to an unusual 
sensitivity of the patient), or whether they must be attributed to an, 
impurity, is not known, since insufficient amounts of highly purified \ 
lots have been available for investigation of this important question. ) 

The pharmacological data just presented enable us to assess the 
relative safety of streptothricin and streptomycin for therapeutic pur- 
poses, and to evaluate the clinical significance of the two “standard” 
contaminants, the histamine-like factor and the factor responsible for 
the intravenous toxicity. 

The pronounced and lasting pathological changes which are likely 
to result from the parenteral administration of even a single overdose 
of streptothricin would seem to constitute too great a risk to permit 
consideration of parenteral administration of this antibiotic. It may, 
on the other hand, be quite safe for topical use, including that upon the 
gastrointestinal mucosa after peroral aidan sicatior since it is not | | 


existence as a separate and distinct entity, because, in contrast to the | 
| 


absorbed to any marked degree fromthe pesinoiniectinal tract.® | ae 


Such topical use may be indicated, not only for sterilization of the 
gastrointestinal tract, but particularly for the treatment of dermal 
fungus infections which do not respond to streptomycin.® 

The next question concerns the extent to which side- effects and com- 
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plications may be attributable to the “standard” contaminants of 
streptothricin and streptomycin. Through close cooperation with clin- 
ical investigators, we have been able to study this problem by compar- 
ing the clinical reports, concerning individual lots, with the pharma- 
cological results obtained with the same lots in animals. It soon be- 
came apparent that the one finding which permitted a reasonably ac- 
curate prediction of the clinical suitability of a particular lot, was its 
effect. on the blood pressure. Lots which depressed it to any marked 
degree were frequently found to produce in patients nausea, vomiting, 
headache, flushing of the face and skin, and occasional fainting 
spells.12° These undesirable, although generally not dangerous, side- 
effects were most likely to occur when highly concentrated solutions 
were injected directly into the blood stream. 

There was much less agreement between clinical and animal findings, 
with regard to the intravenous toxicity and pyrogenicity. While lots 
producing in rabbits a typical pyrogenic reaction were obviously never 
sent to clinicians, there were, nevertheless, not infrequently reports of 
marked rises in body temperature after the first or second day of treat- 
ment, which disappeared after withdrawal of the drug.***** No | 

satisfactory explanation of this phenomenon can, as yet, be given, ex- | 
cept that it seems to depend as much upon the sensitivity of the in- | ~ 
dividual patient as upon the particular lot used. The same is true 
for the findings of severe arthralgia and skin rashes,!” 1* 1° which, 
thus far, can not be correlated with findings in animal tests. Neither 
have we been able to evaluate the clinical significance of the impurity 
causing acute death upon intravenous injection, although there is, per- 
haps, a suggestion that neurotoxic disturbances may more frequently 
occur with lots of high intravenous toxicity. 

The preliminary standards for streptomycin established by the Food 
\and Drug Administration are based on the results of animal experi- 
\ments and clinical findings. They exclude from clinical use lots which 
are excessively contaminated with the histamine factor, which have 
a high intravenous toxicity, and contain bacterial pyrogens (TABLE 1). 

Considering the fact that all clinical work, to date, has been per- 

formed with samples of streptomycin containing varying amounts of 
at least two distinct contaminants, it seems justified to expect that the 
use of more highly purified preparations will still further reduce the 
undesirable side-effects, which, even now, are not frequent and have 
failed to create a serious obstacle in its use. 

On the basis of its general pharmacological and toxicological proper- 
ties and its extraordinary chemotherapeutic activity, the conclusion 
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LeruHau Toxicity or HicHty Puririep Streptomycin SAMPLES 


Blood 
Potency Preacaee L.D. 50 Mgm./Kgm. 
5 1 ee eet ee | Ratio of 
aka “ Micrograms pigs A ce 
streptomycin| (Histamine- o subcuta- 
base per like) effect Intravenous |Subcutaneous|neous L.D. 50 
mgm. 
320 800 Negative 145 600 1:4+ 
8798 670 Negative 150 750 Ns: 
225 700 Negative 170 850 1:5 
389 800 Negative 185 750 1:4 
9803 750 Negative 250 1250 1:5 
9767 750 Negative 300 1150 1:4— 


LetHau Toxicity or SrrEPTOMYCIN CONCENTRATES OF AVERAGE PurITY 


179 210 Se55 100 750 1:7.5 
181 320 a5 75 600 1:8 
187 230 + 100 700 17 
169 210 See 100 1:4 
174 280 —-- 125 1050 TESS 
184 260 Baetcets 75 750 1:10 
223 200 = 175 1250 Walla 


seems permissible that streptomycin is a safe chemotherapeutic agent. 
However, there still remains a great deal of experimental work to be/, 
done, before it can be used with a maximum of safety and efficacy, 
It must be kept in mind that, unlike penicillin, streptomycin as well 
as its impurities are pharmacodynamically very active compounds. 
A more detailed knowledge of their toxicologic properties is, therefore, 
a matter of great importance in the everyday use of the drug. This 
is in contrast to penicillin, where these aspects may be regarded as a 
question primarily of academic interest. 
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PLateE 4 


Delayed effect of local application of streptothricin to rabbit eye. 
Streptothricin (1000 units/cc.) instilled in left eye for 30 min. on 1/23/46. 
Photographed 14 days later. 
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PLATE 6 


Kidney necrosis (streptothricin). 


Kidney section of a monkey dosed orally with strepiotificin (10,000 units/kgm./ 
day), for 62 consecutive days. (H & E Stain.) 
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Puiate 7 


A. Comparison of blood pressure effect of different lots of streptomycin. 
Cat Wt. 3.43 kg—Nembutal anesthesia, 30 mgm./kg. I. P. 
(A) Histamine—0.01 mg.; (B) Streptomycin Lot 169—5000 U/kg.; (C) Strepto- 
mycin Lot 162—5000 U/ke.; (D) Streptomycin Lot 162—10, 000 U/kg.; (E) 
Streptomycin 5R8798—10,000 U/kg.; (F) Streptomycin 5R8869—10,000 U/kg. 


B. Circulatory effects before and after histaminase treatment. 
Cat Wt. 3.25 kg—Nembutal anesthesia, 35 mg./kg.S. C. 1. Histamine HCI— 
0.00005 mg./kg. 2. Streptomycin concentrate Lot 206—50 U/kg. 3. Strepto- 
mycin concentrate Lot 206, histaminase treated—50 U/kg. 


STREPTOMYCIN AND STREPTOTHRICIN: 
THE ABSORPTION, EXCRETION, AND 
CHEMOTHERAPEUTIC PROPERTIES 


By Harry J. Ropinson 


Merck Institute for l'herapeutic Research, Rahway, N. J. 


From the reports on the pharmacological and pathological effects 
produced in animals, following streptomycin and streptothricin admin- 
istration, it is evident that the toxicity of these two substances differs 
in a number of respects.'* In contrast, the antibacterial activity of 
streptomycin and streptothricin is remarkably similar, as shown by the 
fact that both antibiotics are mainly active against gram-negative 
bacteria in vitro” ° and in vivo.** Moreover, both agents inhibit the 
growth of some gram-positive species, as well as certain acid-fast 
micro-organisms, including the human tubercle bacillus.° 1 How- 
ever, the spectrum of antibacterial activity of streptomycin and 
streptothricin is not identical, as illustrated by the greater fungistatic 
activity of the latter,® also by the variation in the action of the two 
drugs against certain strains and species of bacteria. 

The following discussion deals primarily with streptomycin, since 
this drug has been studied more extensively in the experimental ani- 
mal, as well as in man. In addition, the behavior of the two drugs, 
with respect to absorption, excretion, and chemotherapeutic properties, 
appears to be almost identical. Therefore, in the interest of space, 
reference to streptothricin will only be made when the behavior of the 
two drugs is sufficiently different to warrant special comment. 


” 


Drug Administration 


Aqueous solutions of each drug have been administered by a variety 
of methods, including continuous intravenous and intramuscular drip 
and intermittent intravenous and intramuscular injection, and by the 
subcutaneous, intrathecal, and peroral route. More recently, strep- 
tomycin has been given by nebulization. It will be noted that the 
studies on streptothricin have been confined to animals, whereas the 
results presented on streptomycin were obtained in both animal and 


man. 


(119) 
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ABSORPTION 


Although considerable information is now available on the absorp- 
tion of streptomycin in animals’? and man,!**° much less is known 
about this subject with regard to streptothricin.? All of the available 
information on both drugs has been obtained by using biological assay 
methods,?°*? which have certain well-known limitations. In view of 
the latter, the findings reported in the present communication may 
subsequently be modified, either by improved biological assay pro- 
cedures, or by the development of suitable chemical methods for the 
quantitative determination of these drugs in body fluids. 


Single-Parenteral Injection 
Observations of a number of investigators in animals have shown 
that, following the parenteral injection of a single dose of streptomycin, 
the drug concentration in the serum reaches a peak shortly after the 
injection, and thereafter decreases at a uniform, but relatively rapid, 
rate, over a 2 to 6 hour period. When large doses are given, the peak 
concentration is higher, and detectable amounts of streptomycin re- 
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Ficurs 1. Blood concentration of streptomycin in mice, 


(Stebbins, R. B., O. E. Graessle, & H. J. Robinson. Proc. Soc. Exp. Biol, & Med, 


60: 68-72. 1945.) 
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main in the blood longer than when smaller doses are injected. For 
example, in mice, a single subcutaneous injection of 5 mg.* per kgm. 
produced an average blood concentration of 6.5 micrograms per cem, 
within 15 minutes. Thereafter, the blood levels declined to approxi- 
mately 2 micrograms per cem., within a 2 hour period (ricuRE 1). 
Larger doses of 50 mg. per kgm. resulted in correspondingly higher and 
- more prolonged blood concentrations, although, here again, the drug 
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Ficure 2. Streptomycin levels in the blood of the dog. 
. B. . EB. Graessle, & H. J. Robinson. Proc. Soc. Exp. Biol. & Med. 
Ea eal ed ‘60: 68-72. 1945.) 


disappeared quite rapidly from the blood. In larger animal species, 
such as the dog and monkey, single intravenous injections of 100 mg. 
per animal (3.7 and 7.4 mg. per kgm.) produced average blood levels 
of streptomycin ranging between 20-30 micrograms per ccm., immedi- 
ately following the injection. At the end of 4 hours, the blood con- 
centration decreased to 2-3 micrograms per ccm. (FIGURE 2). HWssen- 
tially the same results were obtained with streptothricin (FIGURE 3). 


* 1 microgram = 1 unit, 
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These observations have been extended to humans by a number of 
investigators.1*-“° In general, the absorption appears to be essentially 
the same as in the lower animal species. After intravenous injections 
of 600 mg. of streptomycin to patients, it was found that the average 
blood concentration was 32.8 micrograms per ccm., fifteen minutes after 
the injection. At the end of 6 hours, 4.9 micrograms per ml. were still 
found in the majority of patients.1* When the same amount of drug 
was given as a single subcutaneous injection in 1% procaine solution, 
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Ficure 3. Streptothricin levels in the blood of the dog. 


the maximum blood level was not attained until between 2 and 3 
hours. Likewise, when administered by intramuscular injection, the 
maximum blood concentration was not as high as that obtained follow- 
ing the intravenous injection, but the blood concentration was main- 
tained at a higher level over the 6 hour period. 

Smaller single doses of streptomycin produced correspondingly lower 
blood concentrations, which were not maintained beyond 3 hours. 
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Repeated Parenteral Administration 


It is apparent, from the foregoing results, that therapeutic drug con- 
centrations can be maintained in the blood for at least 3 hours, follow- 
ing injection of an adequate dose. By giving streptomycin or strep- 
tothricin every three hours by intramuscular injection, the blood con- 
centration can be maintained at a therapeutic level, the latter depend- 
ing upon the dose administered. This can be readily seen in monkeys 
and dogs, in which the intramuscular injection of 8 mg. every 4 hours 
afforded levels ranging between 5 and 18 micrograms (FIGURE 4). 


UNITS PER CC: 


MONKEY DOSE- UNITS/KGM. 


=== 8000 REPEATED FM: 
(SoSe4 8000 REPEATED I-M- 


TIME IN HOURS 


Ficure 4, Streptomycin levels in the blood of the monkey. 


(Stebbins, R. B., O. E. Graessle, & H. J. Robinson. Proc. Soc. Hxp. Biol. & Med. 
60: 68-72. 1945.) 


Zintel et al.1* report that, in man, repeated administration of strep- 
tomycin every 3 hours leads to an additive or cumulative effect. Thus, 
the injection of 3.0 gm. per day in the form of divided doses resulted 
in blood concentrations between 20 and 60 micrograms per ml. 

Hirshfeld!®? found some patients who developed a concentration of 
almost 200 micrograms per ccm. of serum, shortly after receiving doses 
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¢ ? 2 
of 1 gm. every six hours. As with other chemotherapeutic agents, 
therefore, it is advisable to follow the blood concentrations carefully. 


Continuous Parenteral Administration 


The methods of continuous intravenous and intramuscular infusion 
have been employed with considerable success. Of the two procedures, 
the intramuscular infusion may prove to be the method of choice, since 
the desired blood concentrations may be obtained without the occur- 
rence of certain untoward reactions, which are occasionally seen follow- 
ing rapid intravenous administration. However, this may not be an 
important factor, when pure streptomycin becomes available for clin- 
ical use. 

Although there have been no animal studies reported, to date, using 
the continuous drug infusion procedure, a number of reports have de- 
scribed the findings in man.’7 In most cases, the total daily dose of 
streptomycin was dissolved in physiological saline or 5% glucose solu- 
tion, and given at a uniform rate over the 24 hour period. For exam- 
ple, some investigators’’ dissolved the total dose in 1000 ccm. of saline 
and regulated the flow to 8-10 drops per minute. Others used a 
greater volume of fluid. When 3.0 gm. of streptomycin, dissolved in 
3000 ccm. of a 5% glucose solution, were administered daily by continu- 
ous intravenous infusion, Zintel et al.1* obtained blood levels of strep- 
tomycin varying between 20 and 60 micrograms per ccm. of blood. 
Lower doses of 1.0 gm., by either the intravenous or intramuscular 
method, produced blood levels ranging between 10 and 20 micrograms 


of streptomycin per ccm. of blood. Slavin?° reported somewhat higher 
values, under similar conditions. 


Oral Administration 


All reports agree that, when streptomycin is given by mouth to vari- 
ous animal species or to man, the drug concentration in the blood is low, 
even when relatively large doses are administered. In animals, similar 
results have been obtained with streptothricin. Heilman et al.” re- 
port that doses of 500 mg. of streptomycin per day by mouth did not 
produce detectable amounts of the drug in the blood serum of patients. 
Others* report that, in man, only 0.22 microgram of streptomycin was 
found in the blood, when 1.0 gm. was administered by this route. 
Studies with dogs show that relatively high blood levels can be ob- 
tained, in some animals, if doses of 30 to 50 mg. per kgm. are given by 
mouth. Smaller doses produce correspondingly lower levels. 
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Further evidence that some streptomycin or streptothricin is ab- 
sorbed following oral administration, may be seen in experiments with 
infected mice. Thus, it is possible to protect animals infected with a 


TABLE 1 
Toran Urinary Excretion spy MoNnkKrEYs FOLLOWING Divmwep INTRAMUSCULAR 

: DosaGe or STREPTOMYCIN 

(Stebbins, R. B., O. E. Graessle, & H. J. Robinson.” Proc. Soc. Exp. Biol. & 

Med. 60: 68-72. 1945.) 


Total Units . 
Monkey Time, ins daily excreted | 7 ieee Total % 
No. days Ne 7 & | dose, units |in 24 hours o d recovered 
<1000),1 736.1000: |. -=°rete 
1 1 10 28.9 19.9 69 
2 10 28.9 20.3 70 
3 10 28.9 14.9 52 
4+ 10 28.9 13.6 47 
5 10 28.9 18.5 63 60 
6 rE a 4. 
ia = ~- 4 
8 = ne t, 
9 = ae 6 
10 a= a i 
11 ot oe 0 65 
2 1 10 32.4 19.8 61 
2 10 32.4 20.5 63 
3 10 32.4 ilygaul 53 
4 10 32.4 16.4 51 
5 10 32.4 24.5 76 60 
6 — — 4.3 
7 — — .8 
8 — — sles 
9 = — 1.2 
10 — == 9 
11 —_ —_ .0 66 
3 1 50 167 70. 42 
2 50 167 90. 54 
3 50 167 78.4 47 
4 50 167 72. 43 
5 50 167 54. 32 44 
6 — _- 7.2 
7 — 15.6 
8 = — 1.3 
9 == = on 
10 — a . 
11 —_ — 0 45 
4 1 50 154 58.4 38 
2 50 154 37.5 24 
3 50 154 98.8 64 
4 50 154 64. 42 
5 50 154 cpp 21 38 
a =e == : 
7 = — 1.4 
8 = — 8 
9 — — 6 
10 = aa 3 Ke 
ib = — 0 
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streptomycin-sensitive pathogen such as Salmonella schottmiillert, 
provided large amounts of streptomycin or streptothricin are given by 
mouth.’ It is evident, however, that the effective dose by mouth is 
approximately 30 times greater than the parenteral dose, and that 
these drugs are not readily absorbed from the gastrointestinal tract. 

The low blood concentration of streptomycin following oral adminis- 
tration may be accounted for by an examination of the feces. Studies 
both in animals? and humans” indicate that much of the drug can be 
recovered in the feces, providing suitable extraction procedures are 
employed. Dogs given streptomycin perorally, on an empty stomach, 
in doses of 100 and 200 mg. per kgm., and sacrificed 24 hours later, 
showed that 60 to 80% of the drug remained unabsorbed from the 
gastrointestinal tract (TABLE 1). Some of the drug could be accounted 
for in the urine, but approximately 20-30% could not be recovered. It 
would seem reasonable to assume that a certain amount of streptomycin 
is inactivated in the animal, either by destruction or by the conversion 
into an inactive form. A second possibility is that the chemical extrac- 
tion procedures employed and the assay methods are not satisfactory. 
Possibly, the availability of a chemical method of assay will aid in the 
elucidation of this problem. 


Intrathecal Administration 


For reasons which will become apparent later, in connection with 
the diffusion of streptomycin in body fluids, it is sometimes necessary 
to give streptomycin by the intrathecal route. By and large, the 
results of all investigators show that, following intrathecal adminis- 
tration, streptomycin remains in the spinal fluid for a long period of 
time. Thus, 24 hours after a single intrathecal injection of 15 to 20 
mg., Buggs et al. report spinal fluid levels ranging from 13 to 25 micro- 
grams per ccm. Similar findings were reported by others.*7 Clinical 
reports by Birmingham” and Heilman e¢ al.” indicate that no un- 
toward reactions appear, using this route of administration. On the 
other hand, Buggs et al.,4* working with a single lot of streptomycin, 
report that all their patients treated intrathecally with streptomycin 
showed signs of meningeal irritation, as evidenced by the increased cell 
count and pain in the neck and head. 


Administration by Nebulization 


Preliminary experimental and clinical studies show that strepto- 
mycin can be given by nebulization, without producing irritation of the 
mucosa of the tracheobronchial tree. However, in spite of administer- 
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ing doses as large as 500 mg:-daily, over a four week period, Heilman‘’ 
and her co-workers could not find streptomycin in the blood serum, 
and the excretion of the drug in the urine was negligible. Considerable 
work remains to be done, before definite conclusions can be drawn re- 
garding the usefulness of this route of administration. 


Distribution of Streptomycin in Various Body Fluids 


With few exceptions, streptomycin diffuses fairly rapidly into most 
body tissues, following parenteral administration. 


Diffusion into Cerebrospinal Fluid 


Diffusion of streptomycin into the cerebrospinal fluid does not take 
place readily. With doses of 1.0 gm. to 3.0 gm. per day, given by 
intermittent intramuscular injection, the cerebrospinal fluid levels 
ranged between 1-5 micrograms per ccm. The blood levels in these 
same patients ranged between 12-27 micrograms per ccm.'* With 
smaller doses, the drug is not detectable in the cerebrospinal fluid. It 
is apparent, therefore, that, when high concentrations of streptomycin 
are desired in the cerebrospinal fluid, the drug must be given by the 
intrathecal route. The dosage and drug levels obtained by this 
method have been presented in a previous section of this paper. 


Peritoneal Fluid 


Following parenteral administration, streptomycin rapidly appears 
in the peritoneal fluid. Murphy and Ravdin® have shown that 
streptomycin enters the peritoneal cavity, both in normal animals 
and in animals with peritonitis. In man, most of the studies concerned 
with peritoneal fluid were performed on patients with ascites, due either 
to cirrhosis of the liver or to cardiac decompensation. In general, the 
results show that streptomycin first appears in the peritoneal fluid 
“Y% hour after drug administration. Thereafter, the concentration in- 
creases, while the blood level decreases (FIGURE 5). Doses of 500 or 
600 mg., given as a single intravenous or intramuscular injection, pro- 
duce peak levels of 15 to 23 units per ccm. Smaller doses produce 
_. correspondingly lower fluid concentrations. 


Pleural Fluid 


In man, the appearance of streptomycin in pleural fluids appears 
to be somewhat slower than in the peritoneal fluid. Thus, fifteen min- 
utes following a single intravenous injection of 600 mg., no strep- 
tomycin was found in the pleural fluid, despite a blood concentration of 
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30 micrograms per cem.** Two hours later, there were only 6 micro- 
grams of streptomycin per cem. of pleural fluid, and 15 micrograms per 
cem. in the blood. Buggs et al.’* report that, after a single injection, 
streptomycin does get into the pleural fluid, but in rather low concen- 
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Ficure 5. Diffusion of streptomycin into peritoneal fluid following a single intravenous injec- 
tion of 600,000 units. 
(Zintel, H. A., H. F. Flippin, A. C. Nichols, M. M. Wiley, & J. E. Rhoads. Am. J. 
Med. Sci. 210: 421-430. 1945.) 


Time im Hours 


trations. Other studies show that, when streptomycin is given by re- 
peated injection over a 24 hour period, higher pleural fluid concentra- 
tions are found, but there appears to be considerable variation from 
patient to patient. 


Ocular Fluids 


Studies in animals show streptomycin to be present in both the 
aqueous and vitreous humors of the eye, following intravenous and 
intramuscular injection or local application.22 In a patient with 
g'aucoma, 3 micrograms of streptomycin were found per ccm. of aqueous 
humor, 30 minutes following intravenous administration of 600 mg. 
The streptomycin level in the blood, at this time, was 40 micrograms 
per ccm.** 


ROBINSON: STREPTOTHRICIN AND STREPTOMYCIN (2) 129 


Fetal Blood and Amniotic Fluid 


Both Heilman et al.*’ and Zintel et al.1* agree that streptomycin does 
enter the fetal circulation and the amniotic fluid. Both groups of 
investigators administered streptomycin before the time of delivery and 
obtained specimens of fetal blood at the time of delivery. Zintel et al. 
found, in one patient, that the streptomycin concentration was 8 micro- 
grams per ccm. of maternal blood; 9 micrograms per ccm. of cord blood; 
and 7 micrograms per ccm. of amniotic fluid, 2 hours after the intra- 
venous injection of 250 mg. 


EXCRETION 


Renal Excretion 


Following parenteral administration, streptomycin and strepto- 
thricin are readily eliminated from the body, the major portion being 
excreted in the urine. Experimental studies show that approximately 
50-80% of streptothricin or streptomycin can be accounted for by 
renal excretion.12 Similar findings have been reported for strep- 
tomycin, in man.‘*** Streptomycin and streptothricin are rapidly 
eliminated from the body, provided fluid intake is adequate and renal 
function is normal. If renal function is impaired, as after the admin- 
istration of streptothricin or, at times, with large doses of some lots 
of crude streptomycin, the drug accumulates in the body. 

Quantitative studies on the rate of excretion of streptomycin and 
streptothricin show that most of the drug is excreted within the first 
12 hours after the injection, but small amounts continue to be ex- 
ereted as indicated above (ricuRE 6). Reimann et al.*® report that 
the concentration which appears in the urine, at any given time, is 
inversely proportionate to the volume of urine. Hence, by restricting 
_the fluid intake to 1200-1500 ccm. per day, it was possible to increase 
the streptomycin level in the urine of patients considerably. This 
procedure may be of importance for the treatment of urinary tract 
infection, where high urinary concentrates of streptomycin may be 
desirable. 

Streptomycin and streptothricin have been isolated as active, color- 
less solids from the urine of dogs, by Tennent.” However, since, for 
the present, this material can only be characterized by pharmacological 
and bacteriological tests, it is not possible to state anything more about 
the urinary excretion products of streptomycin or streptothricin, be- 
yond the fact that they possess the same antibacterial action as the 
parent substance, 
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Excretion of streptomycin also occurs in the bile, as shown by the 
fact that, in man, bile levels ranging between 7. 5-12. 5 micrograms per 


ccm. have been reported after the administration of from 100 to 125 


Units /cc.urine 
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Figure 6. Urinary excretion of streptomycin following a single intravenous dose of 600,000 units; 
average of ten cases, 


(Zintel, H. A., H. F. Flippin, A. C. Nichols, M. M. Wiley, & J. EH. Rhoads. Am. J. 
Med. Sci. 210: 421-430. 1945.) 


mg. of streptomycin.’* 77 Studies in animals show that 2-5% of the 
drug is excreted in the bile. Fecal excretion following parenteral 
administration is negligible, but accounts for most of the drug when 
oral administration is employed. 


DISTRIBUTION IN TISSUES 


In view of the absence of a specific (chemical) quantitative test for 
streptomycin, this phase of the study is at present incomplete. Ad- 
cock’® assayed various tissues of two patients who died of tuberculous 
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. meningitis while receiving streptomycin. His findings are presented 
iM TABLE 2 and show most of the drug to be present mainly in the kid- 
ney or gall bladder bile. 


TABLE 2 


Tissun Lrveis or StrEPToMYCIN 
(Adcock, J. D., University of Michigan, Ann Arbor, Michigan.) 


Micrograms of streptomycin per gm. 


Tissue 
Case I Case IT 
Post-mortem serum 12 43 
Gall bladder bile 21 —_ 
Kidney 20 95 
Lung 6 6 
Heart muscle 1 5 
Brain 0 trace 
Liver 0 trace 


CHEMOTHERAPEUTIC ACTION 


In vitro Studies 


An abundant literature has accumulated, in the few years since the 
discovery of streptothricin and streptomycin, concerning the action of 
these agents in vitro against a variety of bacteria, fungi, viruses, and 
protozoa. A good deal of the available data is conflicting and requires 
further interpretation, because of the different bacterial strains and 
techniques used by the various investigators. Despite these diffi- 
culties, certain definite conclusions may be drawn. Streptomycin and 
streptothricin in small quantities are bacteriostatic for a variety of 
gram-negative and gram-positive bacteria (TABLE 3). In addition, 
the tubercle bacillus is sensitive to both substances.*® 1» 7% 2% 80 Ti, 
will be noted that certain species of a given genus are more resistant 
_~than others, and, at times, this spread of resistance may be consider- 
able. Other bacterial species, including the pathogenic spore-bearing an- 
aerobes,® as well as the fungi,® ** viruses,*” ** and certain protozoa***’ 
are also resistant to streptomycin and streptothricin. On the other 
hand, certain fungi are inhibited by streptothricin in concentrations 
~ ranging between 250 and 500 micrograms per ccm.® These results are 
not modified by the presence of blood or other body fluids. 


Action in vivo 


In general, organisms which are sensitive to streptomycin or strep- 
tothricin in vitro, are also sensitive in vivo. Some of the experimental 
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TABLE 3 


BactTERIOSTATIC AND Funarstatic ACTIVITY OF STREPTOMYCIN AGar-STREAK TEST 


+ of streptomycin 


: ' No. of strains or abbenaed 
Gram-negative organisms tested eral inhibition 
E. colt 5 3.75-7.5 
E. typhosa 9 7.5 -120 
y aa tch ; pes 
. aertryche 
S. enteritidis 2 3.75- 30 
S. schottmiilleri 2 15- 30 
B. flecneri D 1 1.875 
B. sonne 1 7.5 
P. leptisepticum 1 3.75 
B. proteus 4 
B. pyocyaneus 5 60—>400 
A. aerogenes 3 3.75- 60 
H, pertussis 1 >240 
H., influenzae 3 3.75 
B., friedlinderi (Klebsiella pneumoniae) 6 7.5->240 
S. typhi-murium 1 15 
K, rhinoscleromatis 1 0.9 
S. panama 1 30 
B. viscosum 2 3.75- 15 
‘Alk. fecalis 1 60 
Paratyphoid A 1 30 
Paratyphoid B 1 120 
V. cholera 1 15 
V. metchnikoni 1 7.5 
Sarcina lutea 1 7.5 
N. meningitidis Type I i 1.875 
N. meningitidis Type II 1 1.875 
N. meningitidis Type Il« 1 7.5 
Xanthomonas juglandis il 1.875 


infections in which streptomycin or streptothricin have been tried are 
those associated with the following organisms or diseases: The colon- 
typhoid group,®*° Salmonella infections,®°® brucellosis,*** tulare- 
mia,*® *° tuberculosis,*» ** Klebsiella,** Proteus,‘ and Pseudomonas 
pyocyanea infections; rabbit syphilis,** 4° leptospirosis,** and experi- 
mental relapsing fever ;** murine pertussis*® and streptococcal staphylo- 
coccal, and pneumococcal infections.© In addition, the drugs have 
also been tried in certain virus, fungus, and protozoan diseases, with- 
out success. 


Experimental Colon-typhoid and Salmonella Infections in Mice 


Among the bacterial infections which respond to streptomycin and 
streptothricin therapy, are those produced by most strains of Escherichia 
coli, Salmonella schottmiilleri, Salmonella aertrycke, Eberthella typhi 
and Aerobacter aerogenes." In mice, single doses of 2.5 to 5.0 mg. 
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Taste 3 (Continued) 


Gram-positive organisms 


No. of strains 
tested 


——— 


y of streptomycin 
per ml. required 


for inhibition 


Corynebacterium pseudodiphtheriae 


1 

Corynebacterium diphtheriae (avirulent) 2 ce 75 

Corynebacterium xerosis 2 3700" 
— Corynebacterium hoffmanni 1 7.5 

Corynebacterium diphtheriae gravis 1 15 

Corynebacterium ovis 2 3.75 

Corynebacterium pseudotuberculosis 1 15 

Corynebacterium renalis 1 <0 

Corynebacterium pyogenes 2 7.5 

Corynebacterium equi 3 3.75 

Strep. fecalis 1 60 

Strep. equi 2 15 

Strep. hemolyticus 4 15->120 

Strep. viridans 2 120-> 120 

Strep. lactis 1 30 

Strep. liquefaciens 1 240 

Staph. aureus 7 3.75->120 

D. pneumoniae I i 30 

D. pneumoniae IT 1 30 

B. mycoides 1 3.75 

B. subtilis 1 1.875 

Anaerobes 

Cl. welchii il >104 

Cl. tetant 1 > 104 

Cl. septicum 1 >105 

Cl. sordelli 1 >105 

Pathogenic Fungi 

Coccidioides immunitis 1 >8000 

Monilia albicans 1 > 8000 

Cryptococcus neoformans 1 >4000 

Epidermophyton inguinale 1s > 4000 

Microsporum canis 1 4000 
_-Sporotrichum schenchii 1 >4000 

Trichophyton gypseum 1 3500 

Trichophyton mentagrophytes 3 4000 


per kgm. of either drug, given intravenously or subcutaneously imme- 
diately after the bacterial inoculation, were sufficient to protect a large 
' percentage of the mice from a lethal infection of the foregoing organ- 
isms. Under similar conditions of infection, the drugs were even 
- more active when given by intraperitoneal injection, but considerably 


less active when given by mouth.° 


Essentially the same results were 


obtained when streptomycin or streptothricin was given in the form 


of multiple doses every 6 hours (TABLE 4), 
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Experimental Brucellosis 


Studies in the infected chick embryo by Jones,’ and in the guinea pig 
| by Live et al.,°* suggest that. streptomycin is an effective agent for the 
treatment of experimental infections due to Brucella abortus. Live 
and his co-workers** report that the treatment of infected guinea pigs 
_with 5.0 mg. of streptomycin, in the form of divided doses, had a 
definite bacteriostatic effect upon Brucella abortus. Larger doses of 
30 mg. appeared to eliminate the infection entirely, in most animals, 
as determined by autopsy and culture procedures. It is important 
to recognize, however, that the lesions produced in man and the experi- 
mental animal are not identical and that, therefore, it is not possible 
to predict what influence streptomycin will have on brucellosis in man. 


Experimental Tularemia 


_ According to Foshay,*® Pasteurella tularensis is extremely setisitive to 
streptomycin. In vitro studies show that as little as 0.25-0.4 microgram 
per ccm. is sufficient to inhibit the growth of this organism, whereas 2.0 
micrograms are bactericidal. Studies by Heilman e¢ al.*® and Chap- 
man et al.*° indicate that streptomycin is of unquestionable value in 
controlling experimental tularemia in animals. The minimal effective 
dose given every 3 hours over an 8-10 day period to mice, rats, and 
monkeys was found to be 10, 10, and 2.5 mg. per kgm. respectively.*° 


Experimental Tuberculosis 


The findings in tuberculosis will be discussed by Drs. Hinshaw and 
Feldman. Therefore, I will not consider the results obtained with 
streptomycin in this disease. I believe that, while the results may 
appear encouraging, a final decision as to the probable value of this 
drug in tuberculosis cannot be made at the present time. 


Experimental Infections Caused by Pseudomonas pyocyanea and 
Proteus 


The efficacy of streptomycin or streptothricin against these or- 
_ganisms varies considerably with different strains. In general, how- 
ever, both organisms are quite resistant to streptomycin and strep- 
tothricin and, in addition, have marked potentialities for acquiring 
resistance to these drugs. In our experience, it was not possible to 
protect mice infected with a lethal dose of either organism, even when 
maximal amounts of the drugs were administered. However, in 
urinary tract infections due to Proteus, it is possible to obtain good 
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results, due to the high concentration of streptomycin in the urine, 
following parenteral administration.” 


Experimental Infections Due to Gram-Positive Bacteria 


Cocct. Animals infected with Staphylococcus aureus, Streptococcus 
hemolyticus, and Diplococcus pneumoniae can be protected with large 
amounts of streptomycin. Studies in mice show that from 10 to 30 
times as much streptomycin is required to protect against a lethal dose 
of the foregoing organisms as required for most gram-negative bacillary 
infections. Similar results have been obtained with streptothricin, but, 
with this drug, the effective dose was in the toxic range. 


Anaerobes. The group of anaerobic sporulating bacilli, including 
Clostridium tetani, Cl. welchii, Cl. sordelli, and Cl. septique, is quite re- 
sistant to the action of streptomycin and streptothricin. In vivo studies 
in experimental Clostridium welchii infections in guinea pigs show 
streptomycin to have no influence on this disease, even when the drug 
was injected at the site of the infection. 


Diphtheria. Although Corynebacterium diphtheriae and related spe- 
cles are quite sensitive to streptomycin in vitro, little is known about 
the influence of the drug on the organism in vivo. Much of the diffi- 
culty in the evaluation of drugs in experimental diphtheria lies in the 
fact that the disease in animals is not a localized infection in the naso- 
pharynx, but, rather, a diffused generalized toxemia, resulting from 
large amounts of diphtheria toxin. 


Spirochetal Infections. The available data on the effect of strep- 
tomycin and streptothricin against Treponema pallidum,*® *° experi- 
mental relapsing fever, experimental Weil’s disease, and rat bite fever 
are not very abundant, at the present. The preliminary data suggest, 
however, that streptomycin has some effect on spirochetal infections, 
but this effect is considerably inferior to that of penicillin. 


Fungi. In vitro tests show that streptothricin is much more active 
than streptomycin as a fungicide (raBLu 5). Concentrations of strep- 
tothricin between 250-500 micrograms per ccm. of agar completely in- 
hibit a variety of pathogenic and saprophytic fungi, whereas, under the 
same conditions, streptomycin has no inhibitory effect, even in concen- 
trations 10-20 times that of streptothricin. Preliminary in vivo tests 
suggest that streptothricin does not influence the course of experimental 
Sporotrichum schenckii infections in rats.*? Likewise, streptomycin 
has been reported to have no effect on Histoplasma capsulatum. 
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Protozoa. Streptothricin and streptomycin were not found active in 
experimental malaria,®* rat filariasis,°* or trypanosomiasis.” ® 


¥ TaBLe 5 


Bacteriostatic AcTION oF STREPTOMYCIN AND STREPTOTHRICIN AGAINST FuNaI* 


Agar Plate Method: Sabouraud’s Agar. (Robinson, H. J., D. G. Smit 
0. E. Graessle.’ Proc. Soc, Exp. Biol & Mod. 67: 226-931. 1944) me 


No. of units per ccm, agar 
required to cause inhibition 


Organism 
Streptomycin Streptothricin 
Aspergillus niger MF I ; >4,000 250 
Penicillium chrysogenum MF 5 >4,000 250 
Cryptococcus neoformans No. 3709 >4,000 250 
Epidermophyton inguinale >4,000 1,000 
Microsporum canis No. 232 4,000 1,000 
Sporotrichum schenkit No. 7017 >4,000 250 
Trichophyton gypseum 3,500 500 
Trichophyton interdigitale No. 640 4,000 1,000 


* Cultures were incubated at 29° C. for 14 days. 


Viruses. Neither agent has any influence on PR8 strain of epidemic 
influenza.* ** 


Oral Administration 


The results obtained in our study demonstrate the marked activity 
of streptothricin and especially streptomycin in the reduction of the 
number of organisms in the intestinal tract of mice.°* ** Not only 
were the numbers of the coliform organisms rapidly and effectively 
reduced, but also, in the case of streptomycin, the total flora -was 
strikingly decreased (FIGURE 7). The results of this study suggest that 
streptomycin might be effective, not only as a chemotherapeutic agent 
for enteric diseases, but also as a form of preventive medicine in the 
preoperative and postoperative treatment of surgical infections of the 
gastrointestinal tract. 


ACQUIRED RESISTANCE TO STREPTOMYCIN 


In concluding this discussion, it seems worthwhile to mention briefly 
the importance of the phenomena of fastness in its relationship to 
streptomycin therapy. A number of workers have been able to pro- 
duce streptomycin fastness in organisms previously susceptible, by 
culturing them in a medium in which the concentration of streptomycin 
was progressively increased. Graessle and his associates were able to 
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Ficure 7. Influence of streptomycin on the bacterial flora of mice. 
(Smith, D. G., & H.J. Robinson. J. Bact. 50: 6. 1945.) 
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TIME 
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mcrease streptomycin resistance in strains of Escherichia coli, Sal- 
monella schottmiilleri, or Staphylococcus aureus several thousand-fold, 
by subculturing the organism in this manner for a period of several 
weeks. These investigators showed that the degree and rate at which 
five individual strains of Staphylococcus aureus developed resistance to 
streptomycin were more uniform and rapid than that which occurred 
with penicillin. Moreover, it was possible to induce resistance in 
a strain of Salmonella schottmiilleri without alterations in the animal 
pathogenicity or virulence. It is of interest to note that, when resist- 
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Ficurs 8. Acquired resistance of five strains of Z. coli-W to streptomycin in vitro. 
(Graessle, O. E., & B. Frost. To be published.) 


10 30 


ant strains of Escherichia coli were subcultured in a medium free of 


streptomycin, the organisms began to return to their original sensi- 
tivity (FIGURE 8). This is contrary to the findings of Demerec,”™ who 
worked with a single culture of Staphylococcus aureus and found the 
acquired resistance to remain through 20 transfers. 

Although much work appears to be in progress on the subject of fast- 
ness, little has been reported on the mechanisms involved in this phe- 
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nomenon. Demerec postulates two possible mechanisms for the devel- 
opment of penicillin-resistant organisms, which might apply equally 
well to streptomycin: (1) Resistance is an acquired characteristic 
which develops through the interaction between bacteria and penicillin, 
when the two are in contact with each other; and (2) resistance is an 
inherited characteristic which originates through mutation, and its 
origin is independent of penicillin treatment. In either case, it is 
possible, with most organisms, to prevent the occurrence of fastness by 
exposing the organism to adequate bacteriostatic or bactericidal con- 
centrations of the drug. In the light of this, it is of paramount im- 
portance to institute adequate therapy in all patients, if the phe- 
nomena of acquired resistance are to be prevented. 


1. 
2. 
3. 
4. 
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PHARMACOLOGY OF PENICILLIN 


By Grorrrey RAKE AND ARTHUR P, RICHARDSON 
The Squibb Institute for Medical Research, New Brunswick, N. J. 


I. GENERAL 


As originally used by Fleming, the term, “penicillin,” described the 
total antibacterial activity produced by a particular mold. It is now 
known that a number of unrelated chemical substances may be pro- 
duced by the same organism, and the term has come to mean a group 
of chemical compounds, to which the chief antibacterial activity is due, 
having one or other of the general formulae shown in FicurE 1. At 
least six types of penicillin are now recognized (FicuRE 2), differing 
from each other only in variations of R.2> 

The type of penicillin present in commercial samples varies greatly 
Under different conditions, one or another of the above types can be pro- 
duced predominantly. At the present time, it is impossible to give 
more than an approximate idea as to what the relative composition of 
any given sample may be. When penicillin was being produced in 
surface cultures, type F predominated. Later, when deep fermenta- 
tion first came into use, G was the predominant type. Following 
changes in strain of mold and in methods of fermentation and extrac- 
tion, commercial preparations now ordinarily contain a mixture which 
is mostly F, K, and G penicillins. Penicillin X is usually present in 
only very small amounts, except in “penicillin” produced by surface 
culture. ‘ 

Much of the original work by the Oxford group was carried out with 
extremely impure material, assaying in the neighborhood of 50 units 
per milligram, or less. Subsequently, there has been steady improve- 
~ ment in the purity of penicillin. Thus, from records taken by a single 
producer, between July 1942-June 1943, the potency of 42 batches 
was from 69 to 333 units per milligram. At the end of 1945, 100 con- 
secutive batches, from the same producer, averaged 1087 units per 
_ milligram, ranging from 900 to 1200 units per milligram.® Coghill 
and Koch,’ also, note a similar trend for the industry, as a whole. In 


1Fleming, A. Brit. J. Exp. Path. 10: 226. 1929. 

2 Committee on Medical Research. Science 102: 627. 1945. 
2Philpot, F. J. Nature 152: 725. 1943. 

4McKee, C. M., G. Rake, & C.L. Houck. J. Bact. 47:187. 1944, 

5 Fried, J., W. Koerber, & O. Wintersteiner. To be published. 

6 Zinegar, C. R., & R. Blue. Personal communication. 1945. 

1 Coghill, R. D., & R.S. Koch. Chem. & Eng, News, 23: 2310, 1945. 
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addition, the minimum requirements of the Food and Drug Adminis- 
tration for penicillin potency have progressively been raised, and, on 
September 1, 1945,8 were raised from 300 to 500 units per milligram. 
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Ficure 1, 


In spite of this, commercial penicillin today must still be considered 
a highly impure substance, since the very best preparations still con- 
tain some 25% of material which is, chemically and biologically, not 


active penicillin. 


Chemical Properties 


The various, pure, free penicillins are strong acids, having pK’s in 
the neighborhood of 2.8. They readily form salts with the ordinary 


8 Federal Register. 


10: 11231. 1945. 
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cations, of which sodium and calcium are most commonly prepared. 
The latter has a special interest, since it is the least hygroscopic and 
most stable of the commonly available salts, and is particularly well 
suited for the manufacture of tablets and oil-beeswax mixtures. Pen- 
icillin, in the form of the free acids or salts, is highly soluble in water, 
and most salts are hygroscopic. The free acids are also soluble in 
- organic solvents and fats, this property serving as an important means 
x ag penicillin can be separated from crude broth or biological 
uids, 


TYPES OF NATURAL PENICILLINS 


| Name |syNonym| source | R= 


F P CHRYSOGENUM- 
NOTATUM 


CH, CH,CH=CH CH,— 


DIHYDRO F 


GIGANTIC ACID] A GIGANTEUS  |CH,CH,CH,CH,CH,— 


A FLAVUS 


P CHRYSOGENUM- 


Ficure 2, 


It is possible to esterify the free carboxyl group, without destroying 
the basic structure of the molecule, and the methyl, ethyl, butyl, benzyl, 
and benzhydryl® *° esters have been prepared. Such compounds are 
of interest, because they are almost completely insoluble in water, but 
possess high fat solubility. They have little, if any, antibiotic activ- 
ity, until they are hydrolyzed. 


Stability 


One of the chief obstacles to the production of penicillin is its in- 
stability, particularly when it is present as the free acid. It is also read- 
ily destroyed at pH’s of 8.5 or higher. The basic structure is destroyed 


by alcohols, particularly methanol, by sulfhydryl compounds, by heat, 
9 Meyer, K., G. L. Hobby, & E. Chaffee. Science 97: 205. 1943 


10 Cavallito, C. J., F. K. Kirchner, L. C. Miller, J. H. Bailey, J. W. Klimek, W. F. 
Warner, C. M. Suter, & M.L. Tainter. Science 102:150. 1945. 


146 ANNALS NEW YORK ACADEMY OF SCIENCES 


and by repeated freezing and thawing. In addition, many bacterial 
species produce an enzyme, penicillinase,"* which has the capacity of 
destroying the basic molecule. At one time, there was evidence that, 
when the strain, method of fermentation, and method of extraction 
were kept constant, stability of the product increased with increasing 
purity. Unfortunately, when any of the above conditions was modi- 
fied, any correlation between potency and stability was lost.” 


Different Penicillins 


The chemically different penicillins undoubtedly differ, also, in their 
biological characteristics. Unfortunately, however, because of lack 
of sufficient amounts of material, this point has been little studied. A 
study has been made of the inhibitory activity of pure preparations 
against certain bacteria. Taste 1 shows the activity of pure crystal- 
line preparations of the various penicillins per mg., in terms of inter- 
national standard units,'* 7.e., measured against one or the other of 


TaBie 1 
Activity in units/mg. against: Ratio of activity 
Penicillin 
type 
Staph. aureus B. subtilis (R) v. B. subtilis/ 
v. Staph. aureus 

G(II) 1667* 1667* ila 
F(1) 1465" 970"4 0.654 
Flavacidin 1400 1000% 0.72% 
X (IIT) 8507 1450"* 1.4 to 2.04 
K(1V) 23007 760 0.337 


* By definition. 


two specifically described strains of staphylococcus, against Staphylo- 
coccus aureus and, also, against a particular rough variant of a certain 
strain of Bacillus subtilis.* Finally, the ratio of the activity against B. 
subtilis (rough) to the activity against the standard strain of staphylo- 
coccus, is given. From this, it is seen, for example, that X is nearly 
twice as active against the former as against the latter, while K has 
only a third of the activity. 

This higher ratio of activity for X, as against other penicillins, has 
held when organisms, other than Bacillus subtilis (R), are compared 
with Staphylococcus aureus. Thus, X was found more effective in 
vitro, on the basis of staphylococcal international units, but not neces- 


4 Abraham, E. P., & E. Chain. Nature 146: 837. 1940. 

“2 Holaday, H. A., & B. Shepherd. Personal communication. 

7 Veldee, M. V., R. P. Herwick, & R. D. Coghill. Science 101: 42. 1945 
Schmidt, W. H., G. BE. Ward, & R. D. Coghill. J. Bact. 49: 411. 1945. — 


RAKE AND RICHARDSON: PENICILLIN 147 


sarily on the basis of weight’ (X having approximately only half the 
number of such units per mg.), against Klebsiella pneumoniae and Ba- 
cillus cereus,’® than was “commercial penicillin.” However, since the 
composition of this penicillin was unknown, the results lose some of 
their value. The same criticism applies, with perhaps greater force, to 
the conclusions of Ory and his co-workers,’’ since they assume their 
' samples of “commercial penicillin” to be G and proceed on the basis of 
this, probably unwarranted, assumption. These authors found all 
cocci tested, except staphylococcus, (7.e., a- and B-streptococci, pneu- 
mococci, gonococci, and meningococci) to be two to eight times more 
sensitive to two samples of X penicillin (determined as 65% and 
>90% pure, respectively), than to 5 lots of “penicillin G.” Three 
strains of Klebsiella pnewmoniae and one of Hemophilus influenzae 
were equally resistant to both. The methods of testing were admitted 
by the authors to be crude, and the error was undoubtedly high. A 
more careful study of the comparative activities of X and G has been 
published by Libby and Holmberg.** Using some form of serial dilu- 
tion test and highly purified preparations of G and X penicillins, they 
established that X is 2 to 4 times more active than G, in terms of 
staphylococcal international units, and 1.2 to 2 times as active, in terms 
of micrograms, against a variety of organisms. The importance of giv- 
ing activities in terms of micrograms of penicillin, as well as in units, is, 
perhaps, never better illustrated than when the various penicillins are 
being compared. 

Some data have been presented on the antibacterial activity of X, 
as compared to G, in vivo.1%** Thus, Welch and co-workers report 
the former to be 3 to 5 times as active as commercial penicillin against 
pneumococci Type I infection in mice, and more effective against 
gonorrhea in man;*® while Ory and co-workers’ found it slightly 
superior to “G penicillin,” against gonorrhea in man. These results 
are open to the criticisms already given above, namely, the lack of 
information as to the composition of the ““G or commercial penicillin” 
and the estimation of results in terms of staphylococcal international 
units, rather than in terms of weight (or, better yet, molar equivalents) 
-of penicillin. The results of Ory and co-workers” also show that, at 
an equal dose in staphylococcal units, intramuscularly, higher levels 
and longer persistance are achieved in the blood serum with X, pro- 
vided the tests are carried out with a streptococcus, against which X 


15 e, G., J. Fried, & O. Wintersteiner. Unpublished data. 
18 cate eh i, L. E. Putnam, W. A. Randall, & R. P. Herwick. J. A. M. A. 126: 


ui ¢ E. M., M. Meads, & M. Finland. J. A. M. A. 129: 257. 1945. 
18 Libby, R.L.& N.L. Holmberg. Science 102: 303. 1945, 
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is considerably more active, in terms of such staphylococcal units, than — 
is G. When, however, 20,000 staphylococcal units of “G” were com- — 
pared with 10,000 such units of X (z.e., approximately the same 
amounts by weight of penicillin were given), the curves of potency 
obtained in the serum do not appear to be significantly different. 


Determination of Activity 


Apart from chemical methods for the detection of penicillin, details 
of which have hitherto been kept secret and use of which is only now 
coming to the fore, there are two chief biological methods of testing. ~ 
These biological methods consist in measuring the antibacterial activ- 
ity of the unknown preparation, under conditions identical with those 
used for testing a solution of a standard, of known activity in inter- 
national units. The unitage of the unknown is derived from the com- 
parison of its activity to that of the standard on the given day of 
testing. It is, thus, a reference unit; variations from day to day mak- 
ing any absolute unit, in terms of biological activity, wholly unreliable. — 

Biological tests for antibacterial activity are carried out by variant 
uses of either the agar diffusion or the broth dilution methods. In the 
first of these, a volume of solution of penicillin, in appropriate dilu- 
tion (usually to approximate between 0.25 and 2.0 units per ml.), is 
applied, in some way or other (inside cylinders, on absorbent paper 
dises, etc.), to the surface of agar suitably sown with a susceptible 
organism. The penicillin diffuses out into the agar and, up to the 
limit of the diffusion range of a concentration which is still inhibitory 
for the test organism, prevents growth and produces a zone of clear 
agar, which can be measured. Comparison of zone sizes produced by 
the unknown with those obtained by the solution of the standard, 
under like testing conditions, allows one to estimate the potency in 
units. Even a superficial consideration of this technique, in whichever 
of its variants, will indicate its inherent possibilities for error and the 
need for most careful standardization. 

The second method measures the activity of a solution of penicillin, 
appropriately diluted, at equal, and preferably narrow, increments, 
against a young culture of a susceptible organism, in suitable nutrient 
broth. The end-points of partial or complete inhibition of bacterial 
growth are read, after a stated interval of time, either by the naked eye 
or by one or another physical method for determination of degrees of 
opacity. Comparison of the end-point for the unknown, with the 
similar end-point achieved with the solution of standard for the same 
testing conditions, allows one to estimate the potency in units (and 
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in terms of the organism employed). The inherent errors in this tech- 
nique differ markedly from those in the diffusion method, but are, 
perhaps, somewhat less. 

It is essential that the values, obtained by whatever variant is used, 
of either of the two above tests be considered in the light of their actual 
significance. This significance, statistically considered, will depend 
on the test employed, the number of replicates run, the accuracy of 
the determination of the standard, the type of samples being assayed, 
and even the laboratory running the tests. 

Thus, the standard deviation, or the standard error derived from it, 
has shown, in our hands, the following values in the cup test and the 
dilution test (with steps of 10% increment) + (TABLE 2). These data 


TABLE 2 
Number of replicates Cup test Dilution test 
1 +16.0%* +8.9%* 
3 +11-3% +6.3% 
5 +8.0% +4.5% 
8 +5.7% +3.4% 
16 +4.1% +2.3% 


* Standard deviation, for one replicate; standard error, for 3 or more. 
mean that two-thirds of the test results with the given number of 
replicates will fall within the given range of deviation. The other re- 
sults will show even greater deviations. However, it should be empha- 
sized that the degree of accuracy of these results depends on the daily 
use of carefully standardized techniques, by highly trained technicians. 
In two other laboratories employing the cup test, but without as care- 
fully standardized techniques, the standard error for 8 cups was +10% 
and the standard deviation, +26.5%. It must be presumed that the 
standard deviation for the dilution tests would be proportionately in- 
_ereased, in this laboratory. In other groups where testing conditions 
are even less satisfactory, the standard error for any given number of 
replicates will undoubtedly be still higher. Moreover, where the dilu- 
tion intervals are even greater than 10%, going even as high as 50% 
(two-fold steps) , the standard error becomes very high. 

The above discussion deals only with the standard error obtained 
when samples are adequate and concentrations of penicillin are rea- 
sonably high. In dilution tests, in our hands, in which small samples 
of body fluids with low concentrations of penicillin were assayed, the 
standard error for 3 replicate tests was +25%. Moreover, since all 


+ For the data used in this table we are indebted to Mr. R. Blue of the Biological 
Laboratories of EH. R. Squibb & Sons, 
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of these values are not absolute, but rather relative, in terms of a stand- 
ard of known potency run concurrently, the significance of the results 
is closely linked to the reliability of the standard values for a given 
set of tests. The results, in our hands, are based on the daily use of 
an adequate number of replicates of three standards, cross-checked, 
by several operators in each of at least three laboratories. However, 
where only one standard is run, and in few replicates, the errors thus 
involved will all contribute to the unreliability of the final assay figure 
for a given sample. In view of the above, it is of interest to note that, 
in one case, where the clinical investigators give some idea of the mag- 
nitude of the error involved in their data, they state it to be approxi- 
mately +30%.?® 

Finally, one should draw attention to another error inherent in the 
testing of biological fluids, particularly sera: namely, the fact that 
such fluids, particularly at low dilution, vary from man to man, or 
from animal to animal, in the effect they have on the sensitivity or 
resistance of a given test organism. Under these conditions, unit 
values obtained by titration of penicillin in body fluid, against a stand- 
ard in some other solvent, should be accepted with caution. It might 
be best to set up the penicillin standard in a sample of the body fluid 
in question obtained before therapy was commenced (when it is avail- 
able), but even this is not above criticism. 


II. TOXICITY 


The data available on the toxicity of penicillin suffer under several 
shortcomings, some of which have been discussed above. Thus, the 
scarcity of material, particularly in the early days of the investigation 
of penicillin, makes much of the information little more than indicative. 
Very little work has been done with highly purified, and even less with — 
pure, penicillin. As will be shown below, much of the reported toxicity 
of “penicillin” is due to the cation used in preparation of the salt or 
to impurities concentrated along with penipillin, from the fermentation 
broth, by the extraction process. In many cases, the unit values of 
penicillin injected have been calculated by methods of which the error 
is relatively great; in some, only the weight of “penicillin” injected is 
given; in others, only the unit value. Very rarely are both given. 
Yet, until pure penicillins are available for toxicity studies, it is desir- 
able that the assay of toxicity be given both in units and in milligrams 
of material. 


’ Rantz, L. A., & W.M.M. Kirby. J. Clin. Invest. 23: 789. 1944, 
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Acute Toxicity 


Despite these shortcomings, it became obvious, early, that “peni- 
cillin,” even as available at that time, was of surprisingly low sys- 
_ temic or cellular toxicity.1 It also became clear that the acute toxicity 
of “penicillin,” after intravenous injection, decreased, as the potency 
increased.” Tape 3 gives an indication, culled from various 
sources, of this decrease of toxicity with increasing potency. In- 
vestigations, at the Food and Drug Administration,” of many lots 
from different commercial producers show that, by and large, the toxic 


TABLE 3 
Potency units/mg. | End-point measured Units/kg. Reference 
60 Lp50 57,000 28 
90 Maximum tolerated |- 70,000 22 
181 Lp50 280,600 L 
200 Lp50 355,400 aL 
325 Tolerated without 325,000 au 
reaction 
400 Lp50 675,000 26 
460 Lp50 635,000 : 
656 Lp50 1,050,000 aa 
790 Lips). 1,000,000 a 


dose increases with increasing purity. A comparison of data on a large 
series of. batches from a single producer shows the same trend. Thus, 
42 batches, produced between July 1942 and June 1942, had potencies 
from 69 to 333 units per mg. These were tested, each in 5 mice, at 
100,000 units per kg. Eighteen showed no toxicity, but in 24, there 
were 31 deaths on the first, and 14 on the second, days. One hundred 
consecutive batches, toward the end of 1945, were tested at 150,000 
units per kg. No deaths occurred. The potencies ranged from 900 
to 1200 units/mg., an average of 1087 units/mg.° It should be under- 
stood that all these figures apply to sodium salts of mixtures of peni- 
cillins, probably, for the most part, F and G. With such material, 
then, the observed acute toxicity depends largely, if not entirely, on 
the concomitant impurities. 
Most of the inoculations for estimation of toxicity have been given by 
-the intravenous route. Scanty data on the comparison of the lethal . 


6 
2 Florey, H. W., & M. A. Jennings. Brit. J. Exp. Path. 23:120. 1942. 
2 HODby, Ga. Fe K. Meyer, & E. Chaffee. Proc. Soc. Exp. Biol. & Med. 50: 285. 


Boe acute, D. M., G. Rake, C. M. McKee, & H. B. MacPhillamy. Am. J. Med. Sci. 


206: 642. 1943. 
23 Robinson, H.J. J. Pharm. Exp. Ther. 77: 70. 1943. ; 
24Welch, H., D. C. Grove, R. P. Davis, & A. C. Hunter. Proc. Soc. Exp. Biol. & 
Med. 55: 246. 1944. d ‘ 
25 Welch, H., C. W. Price, J. K. Nielsen, & A. C. Hunter. J. Lab. Clin. Med. 29: 


809. 1944. 
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dose of “penicillin,” by this route, with that obtained by subcutaneous 
injection of the same material,?® *” show that the intravenous route 
gives toxicities 2 to 244 times as high. 

Cations other than sodium have been used in the preparation of com- 
mercial “penicillin.” Florey and Jennings”? found calcium penicillin 
to be more toxic than sodium, and stated “that it would be inadvisable 
to use the calcium salt for therapeutic purposes.” At the Squibb In- 
stitute,22 we were able to show that a calcium salt of penicillin (160 
units/mg.) was 6 times as toxic as a sodium salt (180 units/mg.) pre- 
pared from the same starting material. CaCl, was even more toxic 
in terms of calcium, due, probably, to its higher ionization. However, 
Herrell and Nichols? found that more potent calcium salts (Florey 
and Jennings had used material of only 50 units/mg.), even if they 
were more toxic than sodium salts, were, nevertheless, safe for thera- 
peutic use by parenteral injection. Welch and his associates studied 
the effect of the cation more thoroughly.** Five salts of penicillin— 
sodium, ammonium, strontium, magnesium, and potassium—were pre- 
pared from a single master lot and investigated for their acute intra- 
venous toxicity in mice. A calcium salt from another source, but of 
the same order of potency, was included in the study. At the same 
time, the acetates of these cations were studied for toxicity. .On the 
basis of milliequivalents of the cation, the order of increasing toxicity 
was: Na, NH,, Sr, Ca, Mg, and K. The same order was found for 
toxicity of the acetates. Relative toxicity, based on milligrams of 
cation at the Lp50, was: Na, Sr, NH., Ca, K, and Mg, in increasing 
toxicity; the same data, for the acetates, gave: Na, Sr, NH, K, Ca, 
and Mg. The authors conclude that “the toxicity of salts of penicillin 
is primarily due to the cations used in their preparation.” In a second 
paper,”> Welch and associates point out that, when sodium penicillin 
of low unitage is tested, the cation is not responsible for the toxicity; 
this is due, rather, to organic impurities concentrated in the final prod- 
uct by the extraction process. They also point out that, even with 
high potency preparations of magnesium penicillin, the toxicity of the 
Mg cation is such as to render inadvisable parenteral injection of such 
material in man. 


Delayed Toxicity 
Less study has been undertaken of the effect of repeated injections 
of “penicillin,” but clinical results, in man, indicate that repeated in- 


2 Herrell, W. E., & D. R. Nichols. Proc. Staff Meet 3 
” @yérgy, P., & P.C. Elmes. Proc. Soc. Exp. Biol. & Med. Bs: 76 : mr yy eis ee 
‘if G., C. M. McKee, D. M. Hamre, & C. L. Houck. J Immunol. 48: 271 
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jections of 10,000 units per kilogram per day, or higher, are tolerated 
without any systemic harmful effects, other than those due to sensi- 
tization, which are discussed below. In rabbits and mice, given re- 
peated doses comparable to those commonly used in man (i.e., 10,000 
units/kg.), or 4 to 6 times higher, no evidence of toxicity was found.” 
However, a daily subcutaneous dose of as little as 7000 units/kg., in 
guinea pigs weighing between 175 and 355 grams, produced anorexia, 
ruffled fur, lethargy, loss of weight, and, finally, death. Death oc- 
curred, occasionally, on the second day, but most deaths were on the 
3rd, 4th, or 5th days, with one as late as the 12th. Similar results 
were obtained with “penicillin” from a different source, and another 
laboratory obtained similar results with doses from 4000 to 20,000 
units/kg., using penicillin from 4 different sources.2® In our own 
hands, 1000 units/kg., given in divided doses, subcutaneously, were 
tolerated well by guinea pigs. There was some slight evidence, in 
these early experiments, that the results might be due to some impurity 
or impurities, since some animals survived on material of higher potency 
(1068 units/mg.). However, even at this potency. (71% pure, the 
definition of potency for crystalline sodium penicillin G, at that time, 
being 1500 units/mg.), three out of five animals, receiving 7000 
units/kg. per day, died, and the other two were sick, although they 
eventually recovered. Finally, when a preparation of crystalline sod- 
ium penicillin G was used, 3 guinea pigs, at a daily dose of 7000 
units/kg., and 2, at 14,000 units/kg., all died.*° This crystalline ma- 
terial contained at least 95% crystalline penicillin G, perhaps 4-5% 
of other penicillins, and less than 1% of impurities, other than peni- 
cillin.* The reason for this unusual behavior of guinea pigs, as com- 
pared to other animals, upon repeated injections of penicillin, is ob- 
scure. It could be demonstrated that it was not related to vitamin C 
metabolism.22 It may be that one is dealing with another manifesta- 
tion of sensitivity to penicillin. The guinea pig is peculiarly prone to 
sensitivity reactions, and the early onset of symptoms (z.e., immedi- 
ately following the second dose), which might seem to exclude sensi- 
tization, is exactly paralleled by observations in man.” The feeding 
_habits of laboratory guinea pigs make them particularly prone to the 
~ introduction of mold spores into the nasal passages and lungs and, thus, 
to sensitization to mold products. Jones®* showed that the lungs of 

% Rake, G@. Unpublished data. 


ai Zyons, C. J. A. M. A. 123: 1007. 1943. 
22 Jones, F.8. J. Hxp. Med. 36: 317. 1922. 


154 ANNALS NEW YORK ACADEMY OF SCIENCES 


guinea pigs, kept with dusty litter or food, showed 757 to 90% con- 
tamination, particularly with streptothrices and molds. 


Convulsive Action 


Observations, during the early work on penicillin, demonstrated that 
penicillin had a convulsive and lethal action on mice infected, in the 
cerebral meninges, with the agent of Lymphogranuloma venereum.™ 
The penicillin was given intraperitoneally, and convulsions followed 
immediately upon all therapeutic doses given more than 20 hours after 
intracerebral infection. Later investigations showed that the con- 
vulsions were due to a local concentration of penicillin in the inflamed 
meninges, since it never was observed after simple brain injury, or even 
after intracerebral infection until the meningitis was well advanced. 
Although the investigation indicated that some of the convulsant ac- 
tion might be due to impurities, qualitatively similar reactions were 
produced by crystalline sodium penicillin G. Rammelkamp and 
Keefer** showed that intrathecal injection of 10,000 units, in man, pro- 
duced increased pressure, severe headache, vomiting, and pleocytosis. 
5000 units gave slighter symptoms. Walker and Johnson** have shown 
that convulsions may be produced by injection of penicillin (commer- 
cial material from 7 different producers) into the cerebral cortex, in 
man (10,000 units), cats (1000 units), monkeys (500 units), and mice 
(20 units). i 


Local Reaction 


No lesions are found in the organs of rabbits, guinea pigs, or mice 
receiving daily doses of penicillin, up to 60,000 units/kg., for 7 or more 
days, by the subcutaneous route,”? nor have others described any lesions 
in the organs. Local changes are, however, produced at the site of re- 
peated subcutaneous or intramuscular inoculation.2” °° To the naked 
eye, the local subcutaneous site appears edematous and hemorrhagic, 
and the intramuscular is often hemorrhagic. Microscopically, in addi- 
tion to the edema and hemorrhage, there is an intense cellular infiltra- 
tion, with monocytes and neutrophils predominating. If injection has 
been made into the subcutaneous tissue, the involvement, particularly 
in rabbits, where the inflammation is most intense, tends to spread to 
the subjacent muscle, with necrosis and phagocytosis of muscle 
fibers, and cellular infiltration. As might be expected, the local irrita- 


8 Rake, G., & H. Jones. Am. J. Syph. Gon. Ven. Dis. In p 

4 Rammelkamp, C. H., & C.S. Keefer. Am. J. Med. Sci. 205: 342, 1943. 
3° ‘Walker, A. E., & H.C. Johnson. Arch. Surg. 50: 69. 45. 

% Linegar, C. R., & B. Thomas. Personal communication. 
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tion and damage are related to the degree of purification, and much of 
these can be ascribed to the presence of impurities.*? .Thus, irritation 
and tissue destruction were more marked, after intramuscular injection 
of the same number of units of material with a potency of 186 units/mg., 
than of material with 588 units/mg.** As might be expected, the de- 
gree of damage is dependent on the concentration of penicillin. With 
material of potency better than 1000 units/mg., no difference was 
detected between calcium and sodium salts of penicillin.*® 

It seems probable that changes, similar to those described in labora- 
tory animals, occur in man after subcutaneous or intramuscular injec- 
tion. Keefer and his associates®** draw attention to the quite severe 
pain produced by the application of sodium “penicillin” to raw sur- 
faces, and Florey and Florey,*® confirming this, state that the calcium 
salt produces less pain. Both Keefer’s committee** and Lyons** draw 
attention to the soreness or burning pain sometimes experienced at the 
site of local injection in some patients. Welch and Rostenberg*® found 
that commercial sodium penicillin was a mild primary irritant, when 
injected intracutaneously, while crystalline penicillin (type not stated) 
was not. 


Cytotoxicity 

Commercial penicillin has a direct effect on cells, and cruder prepara- 
tions are cytotoxic at higher, but not at lower, concentrations.** Ram- 
melkamp and Keefer note that the cells evoked by intrathecal injec- 
tion of penicillin are all motile and healthy.** It has been reported 
that crystalline sodium penicillin G can replace an osmotically equiva- 
lent amount of NaCl in Locke’s solution, without affecting the oxygen 
consumption of various cells.** 


Sensitization: Urticaria 


That sensitization to penicillin could occur, was noted early. Three 
' forms, in particular, have been observed: urticarial, tuberculin-like, 
and eczematous. The first occurs in some 3% of all individuals re- 
ceiving penicillin by the usual parenteral routes (31 cases in 991 in- 
dividuals receiving penicillin) ,** ** ** ** or may even occur after local 


31 Herwick, R. P., H. Welch, L. E. Putnam, & A. M. Gamboa. J. A. M. A. 127: 74. 


1945. 
es Keefer, C. S., F. G. Blake, E. K. Marshall, Jr., J. S. Lockwood, & W. B. Wood, Jr. 
AR MinwA, LAeset217 6 1943. 

399 Florey, M. E., & H. W. Florey. Lancet 1: 287. 1943. 

40 Welch, H., & A. Rostenberg. J. A. M. A.126:10. 1944. 

41 Abraham, E. P., E. Chain, C. M. Fletcher, A. D. Gardner, N. G. Heatley, M. A. 
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therapy, alone.» ** The reaction is unusual in certain respects. It 
may be transient, even in the face of continued use of penicillin.® “6 
It may appear, during the first 24 hours of treatment, after only one 
“exposure, even in patients who have never before received penicillin,** 
and it may not recur when penicillin treatment is revived, after a lapse 
of time.’ %% 46 The urticaria may appear as an isolated phenomenon, 
but, in severe cases, the picture is one of “serum sickness,” including 
pruritus,*® ¢7 asthma,‘? dermatographia, lacrimation and sneezing, 
and eosinophilia.*t Precipitin tests with the patients’ serum are 
negative in some cases,*! positive in others,*® and the same is true 
with cutaneous tests for sensitivity, using commercial penicillin.*» *% #% 4° 
In one case, the sensitivity to intradermal injection of penicillin was 
elicited with 3 brands of penicillin, but not with a fourth, suggesting 
that an impurity, or one particular type of penicillin, was responsible. 
Treatment was continued, with the 4th brand, without further reac- 
tion. In another case, while skin tests with penicillin were positive, 
they were negative with extracts of Penicillium notatum. This case 
also gave a positive serum transfer test, but no anaphylactic antibodies 
could be demonstrated.*® 


Sensitization: Tuberculin-Like Reactions 


Tuberculin-like reactions have been studied by Welch and Rosten- 
berg.*” #2 They noted, during some studies on local reactions to im- 
purities in penicillin, that one individual, with no previous contact with 
penicillin, but with a history of working with molds for 15 years, 
showed erythema and infiltration, with some vesiculation, coming on 
6 hours after injection of 1000 units in 0.05 ml. intradermally, and 
reaching ‘a peak after 72 hours.*° This individual was later reinocu- 
lated with 1000 units, intradermally, of both crystalline and commercial 
penicillin. Two ‘control’ normal individuals were similarly injected, 
simultaneously. They showed no reaction, at any time, but the sen- 
sitive individual, though showing no reaction at 2 hours, reacted with 
15 mm. areas of erythema and infiltration within 24 hours. A patch 
test with commercial penicillin was positive, when applied over areas 
previously injected with either crystalline or commercial penicillin, but 
not over previously uninoculated skin. Patch tests, with the medium 
used in penicillin production, were negative. No precipitin reactions 


© Keyes, J.E.G. J. A.M. A.126: 610. 1944. 


mo ieie L. C. McGee, W. P. Featherstone, & D.O. Kern. Delaware Med. J. 
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were obtained with the patient’s serum and no transfer of sensitivity 
could be obtained in man or rabbits. 

: In a subsequent paper,*® the authors note tuberculin-like type of sen- 
sitivity in 8 of 144 individuals. Again, no passive transfer of sensitiv- 
_ ity was possible. None of these individuals reacted to extracts of 6 
species of fungi or to heat-killed spores of Penicillium notatum. 

In 2 of 6 individuals receiving frequent intradermal injections of 
commercial penicillin, a flare reaction of old sites of injection was 
noted.*® This did not occur after a rest period, but could be re-estab- 
lished by renewed, repeated injections. Such flare reactions could be 
induced best with injections given intradermally (not subcutaneously 
or intravenously), 5 days apart, and occurred with both crystalline 
and commercial penicillin.*® 


Sensitization: Eczematous Dermatitis 


The third type of reaction has been noted in individuals who come 
into contact with penicillin by reason of their work in preparing, dis- 
tributing, or administering the drug.°°** Here again, it occurs in ap- 
proximately 3% of individuals exposed (9 of 312, in our own experi- 
ence).°> The lesions, which are usually eczematous in nature, affect, 
particularly, the face, hands and, in the male, the penis. They dis- 
appear when handling of penicillin is discontinued, and reappear on 
renewed contact. Patch tests with penicillin, whether crystalline or 
commercial, are usually positive, although in one case,”* the test, 
while positive to commercial penicillin, was negative to a preparation 
of crystalline sodium salt. In some cases, dermatophytosis pedis is 
also present,°» °? but in others this is not noted. Among the reactions 
noted by Stokes and his collaborators,** was an ‘Gd” reaction, and 
Romansky® has noted the same in patients with dermatophytosis 
pedis. In two cases, sensitivity to intradermal injections of tricho- 
-phytin was noted,** and in another case, of sensitivity following paren- 
teral administration of penicillin, positive reactions were obtained on 
intradermal injection of both trichophytin and oidiomycin.*” 

It has been shown, therefore, that sensitization to penicillin can oc- 
cur spontaneously or can be evoked. There are certain features of this 
~ sensitivity which are atypical, and many of these, as, for example, the 


50 .D., & H. Kattner. J. A. M. A. 125: 903. 1944. 
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apparent frequency of spontaneous desensitization, could be best ex- 
plained on the assumption of a weak antibody response to the antigen 
or antigens responsible, so that this antibody is soon exhausted. Work 
of Chow and McKee®® suggests that a loose combination, of uncertain 
nature, may be formed between crystalline penicillin and serum albu- 
min. The formation of such a loose compound, if confirmed, might 
explain some of the phenomena of sensitization noted. 

There is no clear evidence as to whether the sensitization is to 
penicillin itself, or to some of the impurities present in commercial 
penicillin. It may be that both are possible and occur in one or the other 
case. While sensitivity has been demonstrated with crystalline peni- 
cillin,*® *® in other cases it had been elicited with the commercial, but 
not with the crystalline, preparation,®* or with three brands, but not a 
fourth, of “penicillin.”** Moreover, crystalline penicillin is, almost 
certainly, usually not entirely pure, and the very small amounts of 
impurities present might sensitize, or elicit sensitivity reactions in al- 
ready-sensitized individuals. 

If the sensitivity is due to substances other than penicillin itself, 
the reactions on the first or second exposures to penicillin can be under- 
stood. Not only are a considerable number of people sensitive to 
penicillium antigen itself (6% in some areas of the mid-western 
states) ,°° but, as has been shown for the penicillia®® and the hyphomy- 
cetes,°” * there is often marked cross-reaction within a group, sug- 
gesting a common antigen, perhaps of polysaccharide nature. In 
some cases, cross-reactions between the hyphomycetes and the peni- 
cillia may occur,>» °” ® which might account for the reactions to 
penicillin in individuals with dermatophytosis pedis. The fact that 
patients sensitive to penicillin have not been found sensitive to ex- 
tracts** or heat-killed spores*® of Penicillium notatum, or the reverse, 
does not necessarily speak against the hypothesis of common antigens 
as a source of sensitization. The matter of quantities may be in- 
volved, since, even in cases of known penicillin sensitivity, reactions 
were not induced in some individuals with a small dose of penicillin, 
but were with a larger one (e.g., Rostenberg and Welch,*® and others). 
The hypothesis of weak antibody response, suggested above to account 
for other of the unusual phenomena, would play a part in this 
connection. 

8 Chow, B. F., & C.M. McKee. Science 101: 67. 1945. 
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Action on the Uterus 


1 McClosky and Smith studied sensitization of guinea pigs with 
“penieillin.””*° They sensitized with 300 to 1000 units and, after an 
incubation period of one month, shocked with 8,350 to 23,640 units, 
intravenously or by intracardiac injection. Five animals were re- 
_fractory, and two showed mild symptoms of a doubtful nature. It 
was also possible to elicit a positive response in the horns of the iso- 
lated uterus from sensitized guinea pigs, but this was not uniform. 
As a control to the latter, they showed that 30,000 units of “penicillin” 
had no appreciable effect on the contractions of the uterus from un- 
sensitized animals. van Dyke*? found that crystalline sodium peni- 
cillin G, at a final concentration of 1 X 5.46 X 10°, produced a trivial 
contraction in an isolated virgin uterus from an unsensitized guinea 
pig. In humans, however, the administration of penicillin during 
pregnancy may produce signs of uterine activity or actual abortion.™ °° 
Thus, Lentz and his co-workers® note two cases of threatened abortion, 
appearing 18 or 48 hours after commencement of therapy, in pregnant 
syphilitic women (i.e., when 100,000 or 300,000 units had been given). 
In Leavitt’s series, 8 of 21 patients showed signs of uterine activity, 
and two aborted. Of these 8, 7 had only gonorrhea, and one had 
gonorrhea and syphilis. In most cases, only 50,000 units of commer- 
cial penicillin had been given. Since 7 of the 8 cases had received 
the same lot of penicillin, Leavitt believed that the increased uterine 
activity might be due to an impurity, and not to penicillin itself. He 
also believed that penicillin brought about a premature onset of 
menstruation. 

There is one other toxic manifestation which may occur during 
penicillin therapy, and should be mentioned, although it has no rela- 
tion to the toxicity of penicillin itself. This is the exacerbation of 
previous symptoms or appearance of new ones, of which the occur- 
rence may be due to the rapid destruction of the infecting organism. 
It has been noted, for example, in the flare-up of staphylococcal infec- 
tions of the skin, but is most apparent and severe in the treatment of 
_ syphilis** * (Herxheimer reaction). 


Miscellaneous Pharmacological Action 


There are remarkably few data on the general pharmacological 
actions of penicillin, chiefly because nothing of significance has been 
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°4 Tentz, } w., N. R. Ingraham, Jr., H. Beerman, & J. H. Stokes. J. A. M. A. 
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uncovered. Doses of commercial or pure G penicillin, in excess of 
those ordinarily used in therapy, have little effect, when given intra- 
venously, on heart beat or respiration.*»** The effect on blood 
pressure, like the acute toxicity, is due rather to the cation or the im- | 
purities present than to the penicillin. Thus, commercial sodium peni- — 
cillin at 186 units/mg. gave the following depressions of blood pres- 
sure, after intravenous injection into rabbits: 10% with 35,000 units/ 
kg., 40% with 55,000 units/kg., and 60% with 155,000 units/kg. With 
sodium salt at 233 units/kg., only a 10% drop occurred at 95,000 units/ 
kg. When calcium salt was used, a preparation with 67 units/mg. gave 
a depressor effect at 20,000 units/kg., but calcium gluconate containing 
an equivalent amount of calcium gave a similar effect, and with calcium 
chloride the effect was much greater. Calcium salt with a potency of 
895 units/mg. gave no depressor effect at 581,650 units/kg.** 

In all respects, therefore, penicillin is unique, not only in the wide 
range between therapeutic and toxic doses, but because of its almost 
negligible effect on mammalian protoplasm. 


III. PHYSIOLOGICAL DISPOSITION 


Data on absorption, distribution, and excretion are indispensable 
for the rational use of any drug. With penicillin, this is especially 
~ true, because of the need to maintain blood levels throughout the 
period of therapy. A great body of information as to the disposition 
of penicillin has now accumulated, but it is difficult to assess and 
correlate it, for reasons discussed above. It is highly probable that 
many of the apparently contradictory conclusions are due to differ- 
ences in interpretation of, rather than to differences in, observations. 
Of the known pure salts of penicillin, only G and X, in relatively 
small amounts, have been available for studies in animals. There is 
little doubt that one of the greatest gaps in our knowledge of the phar- 
macology of the penicillins is that of the comparative behavior of the 
various pure preparations. 


Absorption 


It is well known that penicillin is absorbed rapidly, when injected 
intramuscularly or subcutaneously.*® °° Figure 8 illustrates a typical 
curve of blood and urine concentrations, such as occurs in dogs follow- 
ing a single subcutaneous injection.’ Similar results are obtained in 
man. Maximal concentrations are produced in 15 to 30 minutes, but 
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maintained only for short périods of time. The rate of disappearance 
of penicillin from the blood is almost as rapid as its absorption. From 
the standpoint of effective chemotherapy of systemic diseases with 
penicillin, it is probably of greatest importance that blood and tissue 
fluid levels be maintained constantly above a certain minimal con- 
centration. 


AVERAGE DATA ON SIX DOGS 
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Ficure 3. The excretion of calcium penicillin in water following subcutaneous injection. Each 
point represents the average determination obtained with six dogs. 


Because of the rapid excretion, regimes of continuous or repeated 
administration must be used to obtain the greatest chemotherapeutic 
effect. Data such as those obtained by Rantz and Kirby” are, there- 
fore, of great value, from a clinical standpoint. Ficurr 4, taken from 
their paper, summarizes their results. Continuous intravenous infu- 
sions of 100,000 units in 24 hours produced approximately 0.1 units/ 
ml. of plasma; 200,000 units, approximately 0.2 units/ ml.; and 400,000 
‘units, approximately 0.4 units/ml. Subcutaneous infusion produced 
somewhat lower levels. Anderson and others®*-"* found that con- 
tinuous intramuscular or intravenous infusion produced comparable 
blood levels. 

Studies on absorption of penicillin from the gastrointestinal tract 
were made, by Florey et al., soon after they prepared clinically usable 
material. They conclusively demonstrated that absorption would take 
place following oral administration in cats, rabbits, and man. These 
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studies were later confirmed and extended, by Rammelkamp and 
Keefer.** Both groups of investigators pointed out that, since lower 
plasma levels and poor urinary recoveries resulted from oral, as com- 
pared with parenteral, administration, for the sake of economy only 
the latter route should be used. As penicillin became more plentiful, 
the problem of oral administration was reopened and has been exten- 
sively studied.”2-°° Unfortunately, it is difficult to draw conclusions 
from much of the work, because of lack of adequate controls. 
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Ficure 4. A. Relationship between amount of penicillin injected and plasma concentration. 
B. Relationship between rate of urinary excretion of penicillin and plasma concentration. Pen- 
icillin administered by continuous intravenous infusion. 
(From Rantz & Kirby. J. Clin. Invest. 23: 789. 1944.) 


Ficure 5 illustrates average results obtained following oral admin- 
istration of commercial sodium penicillin in water, to four normal sub- 
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jects, three hours after breakfast. A number of points are of interest: 
First, the rate of absorption is rapid. Peak plasma levels are obtained 
almost as soon, after oral administration, as after subcutaneous and 
intramuscular injection. This can only mean that absorption takes 
place high up in the gastrointestinal tract, and that penicillin either 
is not absorbed or is destroyed farther down. In all experiments in 
- man, with oral therapy, the peak of absorption has been reached in ap- 
proximately half an hour, and plasma levels are ordinarily maintained 
for not longer than two to four hours. As might be expected, concen- 
trations in urine parallel those in blood. After a single administration, 
penicillin is found in the urine for as long as 7 hours, but seldom for a 
longer period of time, in appreciable concentrations. 
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Ficure 5. The absorption and excretion of sodium penicillin in water administered orally to four 
norma! subjects. Each individual received 200,000 units. three hours after breakfast. 


It is also characteristic that less than 10% of the dose administered 
“by mouth can be recovered in the urine. In the four subjects illus- 
trated in FIGURE 5, approximately 7% was recovered, and the greater 
portion of this was excreted in 1 to 2 hours. As pointed out later, 
about 50 to 75% of penicillin is excreted in the urine following paren- 
_ teral injection. Assuming that, of the material which does get into 
the circulation, one-half is lost by processes at present obscure, it is 
reasonable to conclude that the 7.0% excreted actually represented 
only one-half of that absorbed. Thus, approximately 15% was ab- 
sorbed in the oral experiments cited above, and one might expect, that, 
if the orally administered dose were 5 to 6 times that used parenterally, 
comparable therapeutic results would be obtained, 
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Numerous attempts have been made to improve the absorption of 
penicillin from the gastrointestinal tract. There are three obvious 
possibilities, whereby penicillin might be destroyed, following oral ad- 
ministration: (1) acid gastric juice may inactivate it; (2) drainage 
from the gastrointestinal tract, passing first through the liver, may 
cause inactivation before the systemic circulation is reached; or (3) 
organisms present in the intestinal tract may destroy it, by production 
of penicillinase. 
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Ficure 6. The absorption and excretion of calcium penicillin citrate tablets, after oral adiminis- 
tration. Each tablet contained 20,000 units of calcium penicillin, and 0.5 grams of sodium citrate, 
Total dose per subject, 200,000 units. Administered three hours after breakfast. 


Even in the earliest clinical studies, it was observed that the degree 
of acidity in the stomach played an important role in gastrointestinal 
absorption. Patients with achlorhydria absorbed considerably larger 
amounts of penicillin than did normal subjects, approximately 15% 
being recovered in the urine of patients with gastric acidity, as com- 
pared with 5 to 10%, for normal patients.** ®! There is some evidence 
against the supposition that penicillin may be destroyed in the liver. 
Thus, incubation of liver slices with penicillin in vitro leads to no loss 
in potency.** Moreover, injection of penicillin into the portal vein pro- 
duces a plasma concentration equivalent to that obtained after a simi- 
lar injection into the systemic circulation.22 On the basis of present 
evidence, it is not possible to say whether poor gastrointestinal ab- 
sorption is or is not due, in part, to destruction by penicillinase. One 
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may conclude, however, that the best means of increasing oral absorp- 
tion is to protect penicillin, as it passes through the stomach and is in 
contact with the highly acid gastric contents. Since the evidence in- 
dicates that penicillin is absorbed in the upper part of the intestinal 
tract, one might expect that ordinary, enteric-coated capsules or tablets 
would serve little usefulness, and this is borne out in clinical trials. 
A number of investigators have suggested the administration of peni- 
cillin in oil or lanolin,’® ®° §° but, although absorption ‘takes place from 
such vehicles, there is little evidence, at the present time, that such a 
procedure prevents destruction or improves absorption. The salts of 
penicillin are so water-soluble that it is unlikely that they would re- 
main in the oil phase for more than a short period of time after mixing 
with gastric contents. 

The only procedure which has given encouraging results is the ad- 
ministration of antacids, to neutralize gastric acidity. These have in- 
cluded sodium bicarbonate, sodium citrate, magnesium hydroxide, and 
various aluminum preparations. Ficure 6 illustrates the degree of 
absorption of penicillin, when combined with sodium citrate, in the 
same four patients shown in FicurE 5. Peak plasma levels are pro- 
duced at about the same time after administration in both groups, and 
levels are maintained for a slightly longer period of time with citrate. 
Likewise, higher concentrations are found in the urine, and the amount 
recovered, in a 24 hour period, is approximately double that observed 
following administration of penicillin in water. Assuming that urinary 
recoveries account for only one-half of the absorbed penicillin, one may 
conclude that roughly 30% of the administered dose was absorbed. 
It still appears probable that, even under the best conditions, approxi- 
mately three times as much penicillin would have to be given by mouth 
as by parenteral injection, to produce the same effects. 

It has been suggested, by Welch and co-workers, that a single oral - 
“dose absorbed on aluminum hydroxide will maintain blood levels for 
24 hours.? This has not been confirmed, either by our own work or 
by that of others. Moreover, Welch was unable to detect penicillin 
in the urine, after 7 hours. Such findings are contrary to most re- 
_ ported results, since concentrations in urine are always found to be 
many times that in blood. One is, therefore, tempted to question the 
validity of either the blood or urine assays reported by Welch and co- 
workers. Aside from these results, there is no evidence, at the present 
time, to indicate a special virtue of any particular antacid, and it is 
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probable that the effectiveness of each is dependent, entirely, upon its 
ability to neutralize gastric contents. 

Oral administration of penicillin is also complicated by the relation 
of meals to degree of absorption. Usually, where this variable has 
been studied, less penicillin has been absorbed after meals than be- 
fore! %.3¢ 

Recently, attention has been paid to the administration of penicillin 
by the inhalation of penicillin-aerosol preparations.***°* The rate of 
absorption from the respiratory tract is rapid, peak concentrations in 
the blood being reached within an hour. Depending upon the pro- 
cedure used, 5 to 20% of an administered dose may be recovered in the 
urine. Considering the loss of some penicillin in the exhaled air, this 
must mean that absorption from the lung is fairly satisfactory. Al- 
though aerosol inhalations have been proposed chiefly for local use in 
the respiratory tract, they might be used for systemic effect, under 
specialized conditions. It is not known, for certain, where, in the re- 
spiratory tract, penicillin is absorbed. From studies with other sub- 
stances, one might infer that it occurs across the alveolar membrane or 
olfactory mucosa, and not from the mucous membrane of the larger air 
passages. 

Because of the possible usefulness of penicillin in meningitis, and 
the difficulty of obtaining adequate concentrations in spinal fluids from 
parenteral injections, at least in the absence of inflammation, a number 
of investigators have studied the rate of absorption of penicillin from 
the spinal canal.°? 1°04 Absorption, here, is slower than from sub- 
cutaneous or intramuscular tissues, and detectable concentrations have 
been observed in the blood for as long as 7 to 8 hours. All the evi- 
dence available indicates that diffusion out of the spinal canal occurs 
at about the same rate as diffusion in, and varies with the degree of in- 
flammation present. 

Studies have also been carried out on the absorption of penicillin fol- 
lowing injection into the pleura,’*1°° into knee joints,°* into the 
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chambers of the eye,°* 2°* er into other body cavities. In general, 
absorption has occurred more slowly than from subcutaneous or intra- 
muscular injections. Although evidence is fragmentary, what is avail- 


| able indicates that penicillin penetrates poorly across uninflamed cel- 
lular membranes. 


Excretion 


Following parenteral injection, penicillin is found in urine and bile. 
However, by far the greater portion is found in urine, and, depending 
upon the conditions of the experiment, from 50 to 757% is ordinarily 
recovered following intravenous or intramuscular administration of an 
aqueous solution. The errors involved in the determination of peni- 
cillin in body fluids are such that it is difficult to obtain precise data 
on the mechanism of renal excretion. Rantz and Kirby,’® and Jensen, 
Moller, and Overgaard*® have, however, attempted to determine the 
plasma clearance of penicillin. The former found that, in man, from 
755 to 1120 cem. of plasma were cleared of penicillin per minute. The 
plasma clearance was not affected by the plasma level of penicillin or 
by the rate of urine formation. Similar results, of a much less satis- 
factory nature, have also been obtained in rabbits and dogs.1° It has 
been repeatedly observed that renal failure*® *° or concurrent ad- 
ministration of diodrast#!® and para-aminohippuric acid****™* sig- 
nificantly delays the excretion of penicillin. In spite of the paucity 
of data, the only conclusion possible, at present, is that from 80 to 90% 
of the urinary penicillin is excreted by the renal tubules. 

The data on excretion of penicillin in the bile are incomplete. Some 
is certainly excreted in this fluid, but the concentration in bile, as com- 
pared to that in plasma, varies considerably.” 1® In some experi- 
ments, bile-plasma concentration ratios approach unity, whereas in 
cothers, the ratio may be 4 or 5. Such differences may depend on 
whether the bile is derived from the gall bladder, where it has been 
concentrated, or directly from the primary biliary ducts. Some peni- 
cillin has also been found in the milk, and it is quite possible that 
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presence of penicillin in this body fluid comes about solely by diffusion 
from the blood. 

Ordinarily, after intravenous injection, 75% of a single injected dose 
may be recovered in the urine. If absorption is delayed, as, for ex- 
ample, by the administration of penicillin-oil-beeswax mixtures, the 
percentage recovered in the urine is considerably less. The fate of 
penicillin which is not accounted for by urinary or biliary excretion 
is obscure. The incubation of penicillin with tissue slices results in 
little destruction.*t Moreover, it has been shown that, in cases of 
anuria,®® 14° detectable plasma levels are maintained for long periods 
of time. 

Distribution 

The high solubility in water and complete dissociation of salts of 
penicillin are determining factors in the ease with which this compound 
diffuses throughout aqueous media. Following injection into a body 
fluid, it distributes itself evenly throughout the total volume of that 
fluid. Precise measurements have not been made, but the plasma 
levels of penicillin, immediately following an intravenous injection, are 
such as to suggest that it is soon evenly distributed throughout the 
blood and extracellular tissues. For example, Rammelkamp and 
Keefer® report that the intravenous injection of 40,000 units, in man, 
produces a peak plasma concentration of 2.5 units per ccm. This indi- 
cates that the total volume in which penicillin is distributed is approxi- 
mately 16 liters, which corresponds roughly to the total volume of blood 
and extracellular tissue fluids. 

With the exception of the kidney, and probably the gastrointestinal 
tract, penicillin does not readily cross normal cellular membranes. 
Thus, in whole blood, less than 10% of that present is found in or on 
red cells.°° Likewise, most studies on penetration of penicillin from 
the maternal blood stream to amniotic fluid or fetal blood show uni- 
formly lower concentrations, in the fetus, when plasma levels of the 
mother are held constant.1?% 117448 The gastrointestinal tract prob- 
ably represents a special case. In the upper tract, where absorption 
occurs, the intestinal contents probably have a low pH, and, under 
some conditions, penicillin is undoubtedly present as the free acid, 
rather than as the salt. As the free acid, penicillin is more lipoid sol- 
uble. Moreover, Frieden'*® has shown that, at low pH’s, penicillin dif- 
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fuses more rapidly. Both of these factors may play a role in the ab- 
sorption of penicillin, after oral administration. 
Only meager data are available on the concentrations of penicillin 


in various tissues. In general, the results indicate high plasma-tissue 
concentration ratios.®” 17° 


‘Methods of Maintaining Plasma Concentrations 


The rapid excretion of penicillin has complicated chemotherapy with 
this agent. Attempts to circumvent this disadvantage have been 
directed along two lines: (a) delaying excretion by the kidney, or 
(b) delaying absorption from the site of injection. 

It has repeatedly been observed that patients with poor renal func- 
tion, and, in particular, those with anuria, have prolonged blood levels, 
following the injection of single doses of penicillin. Furthermore, in 
nephrectomized animals, penicillin disappears from the blood slowly. 
A number of attempts have been made to delay the excretion of peni- 
cillin, in the course of therapeusis. These have usually been directed 
toward the administration of substances which modify tubular func- 
tion of the kidney. Diodrast'?® and the aminohippuric accid’**"**# 
have both been used. Diodrast is too toxic for routine use, but Beyer 
et al. claim that a plasma level of 10 milligrams per cent of sodium 
p-aminohippurate doubles the peak concentration of penicillin in 
plasma, and delays the excretion in the urine. Although they have 
shown that this agent has low toxicity, it is not likely that it will re- 
- ceive widespread use, since it complicates therapy, and more effective 
measures are now available. 

Moehlig and Linker,?* and also Lich,” have reported that posterior 
pituitary extract will produce a prolonged concentration of penicillin 
in the blood. Presumably, this agent also acts, in part, by an effect 
upon tubular secretion. Bronfenbrenner and Favour'®* have obtained 
~ similar results, by restricting fluid intake and administering benzoic 
acid. All the methods proposed, thus far, for delaying excretion of 
penicillin by an effect on the kidney, are relatively ineffective. The 
best they can accomplish is to produce a higher level in the plasma 


_~ and maintain a therapeutic concentration, for from 2 to 4 times that 


seen when penicillin alone is administered. 

Romansky and Rittman’™ carried out experiments on absorption, in 
which penicillin was incorporated in peanut oil and beeswax. They 
ia ae 
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proposed that the most suitable preparation should consist of 4.87% 
beeswax, in peanut oil containing 300,000 units of calcium penicillin 
percem. This concentration of beeswax was arrived at by testing prep- 
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arations containing varying concentrations. We have carried out 
experiments along this line in dogs. The same six animals were used 
throughout. Two hundred and fifty com. of water were administered at 
9 a. m., and one hour later, each animal received, subcutaneously, 3,000 
units of a calcium penicillin preparation. The blood levels and urinary 
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excretion of penicillin administered in water, under such conditions, 
have already been discussed and described in ricurr 3. In order to 
obtain some figure for basis of comparing the various preparations, 
we have arbitrarily calculated the time at which 50% of the total ex- 
creted penicillin was recovered in the urine, for the various prepara- 


tions studied. Ficurus 7, 8, and 9 illustrate the effect of incorporating 


AVERAGE DATA ON SIX DOGS 
RECEIVING SINGLE INJECTION OF 


CALCIUM PENICILLIN IN 48% BEESWAX 
(2.000 UNITS PENICILLIN /KG) 


OO 


|sox EXCRETION 


CUMULATIVE PER CENT EXCRETED 
PLASMA CONCENTRATION UNITS CC 
ATION UNITS CC 


URINE CONCENTR 


HOURS AFTER INJECTION 


Ficure 9. 


_Ficures 7, 8, AND 9. The effect of varying concentrations of beeswax on the absorption of cal- 
cium penicillin from 4 ‘peanut-oil suspension. Hach preparation was studied in the same six 
dogs as those referred to in FIGURE 3. 


varying concentrations of beeswax into calcium penicillin-peanut oil 
mixtures. There was progressive delay in the peak of plasma concen- 
tration, and in the rate of excretion in the urine. The 50% excretion 
point, in either oil alone or in water, is about one hour, whereas, with 
4.8% beeswax-peanut oil preparations, the 50% excretion point is de- 


_layed to about 7 hours. It is, obviously, impossible to transfer these 


results directly to man. We do feel, however, that the figure may be 
relative, and it can be assumed that blood levels may be maintained 
for approximately 7 times as long, with 4.8% beeswax-oil mixtures, 
as when aqueous solutions of penicillin are used. Similar results are 


obtained in man,}°-**1 since it is usually accepted that therapeutic 


blood levels may be maintained from 8 to 12 hours, as compared with 


125 Romansky, M. J., R. J. Murphy, & G. E. Rittman. J. A. M. A. 128: 404, 1945. 

1% Graham, W. E., R. B. Greenblatt, & G. R. Cannefax. Ven. Dis. Inform, 26: 105. 
1945. 

127 Wichols, D. R., & BE. A. Haunz. Proc. Staff Meet. Mayo Clinic 20: 403. 1945. 

18 yan Slyke, C. J.. & J. RB. Heller. Ven. Dis. Inform. 26: 98. 1945. 

12 Zinnamon, B. L., & V. P. Seeberg. Ven. Dis. Inform. 26: 31. 1945. 

130 Atcheson, D. W., & D. T. Edmeades. Science 102: 199. 1945. 

131 Rammelkamp, C. H., & W. M.M. Kirby. Bull. N. Y. Acad. Med. 21: 656, 1945. 
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1 to 2 hours, when penicillin is injected in water. Romansky’”® and 
some others believe that adequate blood levels may be maintained for 
24 hours. 

We’ have also carried out studies in an effort to determine which 
fraction of beeswax is responsible for the delayed absorption. U.S. P. 
white beeswax was extracted, according to the scheme illustrated by 
FIGURE 10, yielding 3-distinct fractions.* Each fraction was studied 
for its ability to delay the absorption of penicillin from peanut oil, 
according to the methods described above. A summary of these ex- 
periments, relating 50% excretion points to concentrations of each frac- 
tion, is presented in FicuRE 11. 


PURIFIED WHITE BEESWAX USP 
EXTRACTED 
ITH 
HOT ETHANOL 
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ETHANOL Seah ata WITH 


| ° HE XAN 
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RECOVERY FROM RESIDUE 
HEXANE 
“PARAFFIN” FRACTION *CEROTIC ACID” 
MP 50-51°C MP 63-64°C 
29.0% CRUDE WAX 19.0% CRUDE WAX 
2. es 


Ficure 10. Method of separation of purified beeswax into various fractions. 


It is apparent that each fraction possesses some ability to delay ab- 
sorption. By far the most active fraction was myricin, which proved 
to be considerably more active than crude beeswax. Cerotic acid was 
approximately of the same activity as beeswax itself. The “paraffin” 
fraction was the least active, even the highest concentration used giving 
only slight delay in absorption. In general, there was good correla- - 
tion between the melting point of the wax and its ability to delay ab- 
sorption. A similar relationship has also been observed with a number 
of other waxes which have been studied. Only those having melting 
points of 60° C., or higher, appear to be promising. 

A number of other methods have been used for delaying the absorp- 
tion of penicillin. Various vasoconstrictors have been injected with 
penicillin, and prolonged blood levels have been obtained,1*” 183, 134 but, 


* We are indebted to Mr. W. A. Lott and Miss K, Losee of the Division of Medicinal Chemistry 
for these fractions. 

2 Parkins, W. M., M. Wiley, J. Chandy, & H. A. Zintel. Science 101: 203. 1945. 

133 Fisk, R. T., A. G. Foord, & G. Alles. Science 101:124. 1945. 

4 Armstrong, C. D., R. M. Halpern, & W. C. Cutting. Proc. Soc, Exp. Biol. & 
Med, 58: 74. 1945. 
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only at doses which might produce systemic effects. At best, none of 
these procedures has produced as satisfactory results as has beeswax. 
Trumper and Hutter**® have demonstrated prolonged absorption from 
the application of ice bags to the site of injection. They report main- 
taining therapeutic blood levels from 6 to 12 hours. Such a pro- 
cedure may have usefulness, but certainly could not be applied widely 
~ in clinical practice. 
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_Freure 11, Summary of the effect of beeswax and its various fractions on the rate of absorp- 
tion of calcium penicillin from a peanut-oil suspension. Horizontal axis represents time for excre- 
tion of 50 per cent of penicillin recovered in the urine. Vertical axis represents varying concentra- 
tions of beeswax or beeswax fractions. 
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Recent attention has been focused on the various esters of penicillin, 
because of their high fat and low water solubility. It was thought 
that, because of these properties, the esters might be absorbed more 
slowly from a subcutaneous or intramuscular injection than would 
aqueous solutions of the salts. Impure methyl, ethyl, butyl, and 
-benzhydryl esters were prepared and studied by Meyer et al.,? who 
found them to be active in experimental bacterial infections in mice. 
Cavallito’ et al., more recently, prepared the benzyl ester from pure 
penicillin G and reported that it was more active than an aqueous 
- solution of penicillin G, in the treatment of certain bacterial infections 
in mice. We have confirmed the observations of the above investiga- 
tors, both in bacterial infections'** and spirochetal infections in mice,**” 
and have also been able to show that, in mice, the blood level of free 


eee 
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penicillin in the plasma, following a subcutaneous injection of these 
esters, is comparable to that produced by the injection of an equiva- 
lent dose of one of the salts.1** Unfortunately, the mouse appears to 
be unique in its ability to hydrolyze esters of penicillin, since we have 
been unable to detect appreciable free penicillin in the blood of mon- 
keys, rabbits, dogs, or man, following an injection of the esters. More 
recently, Broh-Kahn and Smith**’ have reported that the butyl ester is 
hydrolyzed in mice, but not in man. Thus, it appears unlikely that 
any of the esters known, at present, will be of value in the treatment 
of human disease. 


ADDENDUM 


Since this manuscript was prepared, several important preliminary 
papers have appeared which support the contention of the reviewers, 
that studies on the pharmacology of the pure species of penicillin are 
of extreme importance, from a practical and theoretical standpoint. 
Eagle and Musselman,*° and Coghill e¢ al.,1* have both shown that, 
following injection of pure penicillin, F, K, G, or X, marked differences 
in plasma levels are obtained. With K, the plasma concentrations 
observed one hour after injection are much lower than those observed 
following injection of the three other species. Both groups of investi- 
gators conclude that K is rapidly destroyed in the intact animal and, 
therefore, relatively ineffective as a therapeutic agent. Whether such 
a conclusion is entirely justified, must await further study. 


138 Richardson, A. P., H. A. Walker, I. Miller, & R. Hansen. P i 
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20 Broh-Kahn, R. H., & P. K. Smith. Personal communication. 
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STREPTOMYCIN IN TREATMENT OF CLINICAL 
_ AND EXPERIMENTAL TUBERCULOSIS 


By H. Corwin HinsHAw Anp WILLIAM H,. FELDMAN 


_ Division of Medicine, Mayo Clinic; Division of Experimental Medicine, Mayo 
Foundation; Rochester, Minnesota 


It is appropriate to discuss streptomycin at this time, which repre- 
sents the second anniversary of the announcement of the discovery of 
this remarkable antibiotic substance. The nature and properties of 
streptomycin were first described, two years ago this month, in the 
“Proceedings of the Society for Experimental Biology and Medicine,” 
by Schatz, Bugie, and Waksman, from Dr. Waksman’s laboratory, at 
Rutgers University. The first two lots supplied to us were produced 
in Dr. Waksman’s research laboratory, and we are most grateful for the 
great effort which was required for its preparation. Subsequently, 
substantial amounts of streptomycin have generously been supplied 
to us by the research staffs of several pharmaceutical manufacturers, 
especially by Drs. Carlisle and Robertson, of Merck & Co.; Dr. George 
Hazel, of the Abbott Laboratories; and Dr. Gifford Upjohn, of The 
Upjohn Company. 

Tuberculosis is a disease of such medical, social, and economic sig- 
nificance that great effort has been expended, for many years, in 
search for specific remedies. Many substances are capable of inhibit- 
ing or destroying the bacillus of tuberculosis in vitro. Robert. Koch 
studied the action of compounds of gold and mercury on Mycobac- 
terium tuberculosis, in 1890, and many unsuccessful efforts have since 
been made to apply this knowledge to treatment of experimental and 
clinical tuberculosis. Unfortunately, the many synthetic chemical 
“substances which were effective in vitro were found to be ineffective in 
treatment of experimental tuberculosis of guinea pigs. Promin was 
the first synthetic substance which was found” * to be capable of ar- 
resting the progress of well-established, experimental tuberculosis in 
guinea pigs. This encouraging discovery has resulted in a renewal 
of the chemotherapeutic attack against tuberculosis. 

In addition to this prolonged study of synthetic compounds, which 
has occupied the attention of the last two generations of chemists and 
bacteriologists, there has been a parallel, but less intensive, study on 
the effect of antibiotic substances on Mycobacterium tuberculosis.* 
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Of the several antibiotic substances reported to be effective against — 
Mycobacterium tuberculosis, in vitro, only one, streptomycin, has 
shown the ability to arrest well-developed tuberculosis, experimentally 
produced in guinea pigs.° Standardized and roughly quantitative. 
methods have been developed,® which permit comparison of the results 
of treatment with streptomycin with those of previously studied syn- 
thetic compounds. Such studies have indicated that streptomycin is 
the most effective substance employed in treatment of experimental 
tuberculosis of guinea pigs. 

Although streptomycin falls short of being the ideal remedy for 
treatment of experimental tuberculosis, it has been possible to show 
that prolonged treatment of guinea pigs, for a period of nearly six 
months, brought the disease to a state of apparent arrest more success- 
fully than any of the previously described synthetic substances. After 
such prolonged treatment, lesions were resolved or suppressed in all 
of the animals. About 70 per cent of these animals still harbored 
viable tubercle bacilli and, in 30 per cent, there was reason to believe 
that the bacilli had actually been eliminated. 


CLINICAL TUBERCULOSIS 


The application of the foregoing facts to the treatment of clinical 
tuberculosis with streptomycin was promptly undertaken by us, and 
has now been under way for more than a year, during which time we 
have had the opportunity of treating sixty-three patients. We have 
included as many different types of tuberculosis as possible, in this 
study, in the hope of gaining information which would be of value in the 
guidance of more extensive and more crucial, subsequent, clinical 
studies. The experience of ourselves and colleagues, in treatment of 
tuberculosis, up to December, 1945, is summarized in TABLE 1. The 
criteria on which the opinion of favorable effects was based will re- 
quire explanation, in each instance. 

Five patients who had miliary tuberculosis have been treated. One 
of these survived only long enough to permit treatment for five days. 
This case should be clearly classified as a failure, because the drug 
was given in maximal amounts, and examination at necropsy revealed 
that the disease was in an early stage of development. Such a stage 
of development would appear to be a favorable time for treatment, 
if the drug has adequate therapeutic potential to cope with the situa- 
‘tion. The other four patients were treated for periods ranging from ~ 
two to four months, but despite what was apparently maximal treat- 
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ment, all of these patients died. At necropsy, definite and usually 
striking evidence of healing was observed, especially in the lesions 
in the lung.’ Serial roentgenographic examinations of the chest, in | 
| each instance, confirmed the belief that the pulmonary lesions ot - 
miliary tuberculosis underwent modification, such as we have not ob- 
served in any previous similar cases. These cases will be reported, in 
_ adequate detail, in the near future. 


Taste 1 
TUBERCULOSIS TREATED WITH STREPTOMYCIN 
(To January, 1946) r) 
Type or site of Apparent 
Be ccealoete . Cases | favorable Remarks 
response 
Miliary 5 4 Mortality 100 per cent; meningitis in 3 cases. 
Pulmonary 22 17 Incomplete treatment in 2 cases; no change 
in 2; 1 death. 
Tracheobronchial 3 3 Parenteral and aerosol therapy. 
Empyema 6 0 Arrest with oleothorax later in 4 cases. 
Sinus tracts Hi 6 Marked tendency to recurrence; improved 
but not cured. 
Renal Le 8 Marked tendency to recurrence; apparently 
arrested in 2 cases only. 
Cutaneous 4 3 Temporary and partial improvement only. 
Miscellaneous 5 4 
Total 63 45 No lesions progressed during treatment (ex- 
cept lesions of the central nervous system). 


The twenty-two patients* who had pulmonary tuberculosis were 
selected with great care, from several hundred candidates for such 
treatment. In all cases selected, the disease had progressed unmis- 
takably during the control period of observation, prior to institution of 
treatment. In each instance, it was believed that the disease would 
progress further, if treatment were not instituted. These patients are 
_not representative of the usual types of pulmonary tuberculosis, but 
are highly selected individuals with exudative lesions, who appeared 
to lack normal ability to control the disease. Sufficient time has not 
elapsed, in most instances, to know whether the disease will be brought to 
a state of permanent arrest, as a result of treatment with streptomycin. 


* These include patients treated in collaboration with Dr, Karl Pfuetze, Mineral Springs Sana- 
torium, Cannon Falls, Minnesota. 
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It can be said, however, that in no instance did the disease continue to 
progress, so long as treatment with streptomycin was being adminis- 
tered. It also can be stated that the majority of these patients began 
to show clinical and roentgenographic evidence of slow, but definite, 
improvement, within four to eight weeks after institution of treatment. 
In many cases, active tuberculosis is still present, after two to five 
months of treatment. In many cases, also, the sputum remains posi- 
tive and the prognosis still appears grave; in some, it is doubtful 
whether permanent benefit has been accomplished in those cases tem¢ 
porarily improved. 

The seven patients who had external tuberculous draining sinuses 
include five patients with sinuses related to’ tuberculous lymphadenitis 
and two who had tuberculous involvement of the thoracic wall. In 
each instance, there had been no tendency to spontaneous closure of 
these sinuses before treatment. They had remained open, for periods 
varying from six months to two years. In each adequately treated 
patient of this small series, marked improvement, with at least tem- 
porary cessation of drainage, was observed within four to eight weeks 
after institution of treatment. Frequently, the presence of enlarged, 
palpable, tuberculous lymph nodes could still be noted after treat- 
ment. Already, three of these patients have had recurrent draining 
sinuses, since discontinuation of treatment; in one of these three, the 
sinuses later closed spontaneously; and in the other two, they closed 
after a second course of treatment with streptomycin. 

Eleven patients who had renal tuberculosis* have been treated with 
streptomycin and are still under observation. It may be said that 
some symptomatic evidence of improvement was observed, in most 
cases, and in the few cases in which cystoscopy was carried out before 
and after treatment, there was objective evidence of healing of the 
ulcers in the bladder. Tubercle bacilli in the urine of all patients 
who received treatment for two months or longer were sufficiently re- 
duced in number to make it difficult, or impossible, to detect their pres- 
ence by conventional acid-fast methods of staining. However, bac- 
teriologic observations are incomplete, and the results of guinea pig 
inoculation cannot be recorded, at this time, for the majority of pa- 
tients. It may be said, however, that definite recurrence of bacilluria 
and recurrence of symptoms of vesical irritation have developed, within 
two or three months after cessation of treatment, in three of the five 
patients whose treatment was undertaken prior to August, 1945. 


* Treated in collaboration with Drs. E, N, Cook and L, F, Greene, of the Section of Urology. 


HINSHAW AND FELDMAN: STREPTOMYCIN IN TUBERCULOSIS 179 


Empyema of the pleural ¢avity would appear to be an ideal type 

of tuberculous infection to treat with streptomycin. However, experi- 
ence in the treatment of six cases, in collaboration with Dr. Pfuetze, 
has been disappointing, so far. The pleural cavity was frequently in- 
tolerant, either to the injections of streptomycin or to impurities con- 
tained in the preparations used. Furthermore, it was not possible 
'to bring about significant improvement, even with prolonged local 
treatment, which consisted of injection of streptomycin into the pleural 
cavity. Recently, we have noted that the hydrogen ion concentration 
of the purulent exudate in the pleural cavity is likely to be distinctly 
on the acid side. Since streptomycin is not active in acid media, it 
seems possible that the acidity of the exudate may have contributed 
to the failure of treatment with streptomycin, under these circum- 
stances. 

The small series of three cases of tracheobronchial tuberculosis is not 
sufficiently large to permit generalization. However, visible lesions 
in the tracheobronchial tree have healed with sufficient rapidity, fol- 
lowing combined use of intramuscular injections of streptomycin and 
treatment with streptomycin aerosol, to urge strongly that more pa- 
tients of this type be treated, when the drug becomes available. The 
aerosol therapy was carried out in the same manner as described for 
treatment of bronchiectasis.* 

The miscellaneous group of cases includes tuberculosis of the larynx, 
tuberculous ulcers of the hypopharynx, tuberculous iritis, synovial 
tuberculosis of the knee joint, and a tuberculous infection in a wound 
of the scalp, following exploration for tuberculoma of the brain. Each 
of these patients improved rather promptly, after institution of treat- 
ment. The case of ocular tuberculosis could not be classified as one 
in which the favorable response was due solely to streptomycin, be- 

cause of the fact that the batch of streptomycin used in treatment, in 
this case, produced a febrile reaction, and ocular tuberculous lesions 
frequently heal after nonspecific fever therapy. 

Until streptomycin is available in greater quantity, it will be neces- 

sary to select with great care all candidates for treatment with it. 
“This care in selection is especially necessary for those candidates who 
have tuberculosis, because of the relatively large quantities of the 
drug required for adequate treatment of this condition. We have 
regarded 1.0 to 2.0 gm. of streptomycin per day as the minimal dose, in 
most types of tuberculosis, and sixty days as a minimal course of 
treatment. The following principles are suggested to aid in selection 
of cases, 
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SELECTION OF CASES FOR TREATMENT | 


Streptomycin is not indicated for treatment of pulmonary tubercu- | 
losis which is minimal in extent. It is not indicated, at this time, for 
treatment of any parenchymal pulmonary lesion which is suitable for 
collapse therapy and in which satisfactory collapse can be produced. 
It is not recommended for treatment of lesions which are making satis- 
factory improvement on a therapeutic program of conventional type. 
Streptomycin should not be used as a substitute for known, proved, 
effective procedures. Streptomycin should not be expended for treat- 
ment of stable, arrested or chronic, nonprogressive types of pulmonary 
tuberculosis. 

Treatment with streptomycin, in tuberculosis, is still an experi- 
mental procedure and should be restricted to those types of cases and 
to those situations in which a maximal amount of information can be 
obtained for guidance of subsequent trials with the drug. The clearest 
indication for use of streptomycin is in treatment of recent extensions 
of pulmonary tuberculosis to regions not previously involved, which 
have occurred despite sanatortum regimen. The indication is stronger, 
if the spread be extensive, and especially if it involves the contralateral 
lung which was not previously involved. The treatment appears to be 
more logical, if the infiltration appears to be finely divided on roent- 
genographic examination, than if the shadows be confluent, dense, and 
opaque. 

In extrapulmonary tuberculosis, use of the drug should be restricted 
to bacteriologically proved cases and to those in which clinical im- 
provement has not been satisfactory, with conventional methods of 
treatment. It does not appear logical, at this time, to combine strepto- 
mycin with any other type of treatment, such as surgery, which might 
yield satisfactory results alone. 


COMMENT 


Present experience indicates, rather clearly, that the antibacterial 
effects of streptomycin in clinical tuberculosis are limited to a sup- 
pressive action, which appears to retard the disease process. We have 
not yet determined whether this retarding effect can be maintained 
for a prolonged period of time or whether the development of drug- 
fast strains? will later nullify this apparent therapeutic effect. It 
may be stated that, as yet, definitely progressive lesions of pulmonary 
tuberculosis have not developed in any patient under our observation, 
while treatment with streptomycin was being used. Unfortunately, 
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streptomycin does not appear to possess any rapidly curative action in 
tuberculosis, such as might resemble the therapeutic marvels achieved 
by several antibacterial drugs against some acute infectious diseases. 
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_ SOME CONSIDERATIONS OF THE CLINICAL 
APPLICATION OF STREPTOMYCIN 


By Epwin J. Puuasxi,* A. M. KLernMan,} AND GarFIELp G. DuNcAN 


Halloran General Hospital, New York, and Pennsylvania Hospital, Philadelphia, 
Pennsylvania 


An evaluation of the therapeutic efficiency of streptomycin in the 
treatment of surgical infections was begun at the Halloran General 
Hospital in June, 1945. The study included three types of cases: acute 
and chronic infections in battle wounds, genito-urinary infections, and 


Taste 1 
STREPTOMYCIN SENSITIVITY oF AEROBIC PATHOGENIC BACTERIAL Fora or 81 SURGICAL 
INFECTIONS 

Gram-Negative organism 

Streptomycin u/cc. 0.5 1 2 4 8 16 32 64 128 Total 
A, aerogenes Tee 2eeOm oO 4) 10 2eeoe 25 
E. coli —— ol 8 6 5) DB 2 
Paracolon group — — 2 3 1-—- => — — 6 
K. pneumoniae, Type A se aS ie 2 9 
K. pneumoniae, Type B Se Gp aC OE ad eae ea! 
Proteus vulgaris — — § 9.22 17 2 3 — 58 
Proteus morgani —- — — — 1— — — 1 2 
Ps. aeruginosa — — — — 7FTll 38— 4: 25 
Totals ae AD 220) 449.379 S715) 160 

’ Gram-Positive organism 

Staph. aureus, hem. Gael0) 925.) a3 3) 228 
Staph. aureus, non-hem. 5 3 — — 2 10 
Strep. alpha, viridans San roe oe 28 aod 23 
Strep. gamma, non-hem. 3 SS SS YY a ae SS) al 
Strep. hem. beta SSS SS —eB S i 
Totals 19 1447-20 15.20 8 — <6 (109 
Grand Totals 19S S44 a 59 br Ae el 1269 


 bacteriemias. The aerobic, pathogenic bacteria, causal of these infec- 
tions, and their sensitivity in broth’ to streptomycin, are listed in 
TABLE 1. The table reveals that streptomycin inhibits the growth of 
most pathogenic gram-positive and gram-negative bacteria. However, 
both groups manifest a wide variation in sensitivity. Of the gram- 


* Captain, M.C., A.U.S. 
+ Major, M.C., A.U.S. 


(183) 


184 ANNALS NEW YORK ACADEMY OF SCIENCES 


negative organisms, the Colon and Friedlander groups, for the most 
part, are inhibited by 8 units or less of streptomycin. Bacillus proteus, 
Aerobacter aerogenes, and Pseudomonas aeruginosa are found to num- 
ber many strains which require more than 8 units per ccm. for bac- | 
teriostasis. Of the gram-positive bacteria, staphylococci usually are 
inhibited by 8 units or less of streptomycin, whereas streptococci, re- 
gardless of their hemolytic properties, tend to be more resistant. 

With any chemotherapeutic agent, it is important to know if it is 
checked in its action by body fluids. In TABLE 2, the in vitro action 


TABLE 2 


CoMPARISON OF STREPTOMYCIN SENSITIVITY IN PLAIN MopIFIED AND Bioop EN- 
RICHED F.D.A. BrotH 


Organism F.D.A. F.D.A. 3% Blood 
B. subtilis <0.5 1 
B. anthracis <0.5 <0.5 
B. anthracis <0.5 1 
Staph. aureus 2 8 
Staph. aureus “SM” 0.5 4 
Strep. gamma Du 8 64 
Strep. gamma Ca 8 64 
Aerogenes-F ried. 64 64 
Proteus vulgaris 4 8 
E. coli 8 4 
Ps. pyocyaneus 64 64 
E. typhosa 2 2 


of some gram-positive and gram-negative bacteria is compared in 
F.D.A.* test broth with the same medium containing human citrated 
blood. The gram-positive and the gram-negative bacilli show little 
variation in their susceptibility in either of the two media, whereas 
non-hemolytic streptococci and hemolytic staphylococci require from 
4 to 8 times more streptomycin to check their growth in the blood 
broth. Comparable results are obtained if human serum or plasma 
is substituted for whole blood. Thus, streptomycin activity is lessened - 
against the gram-positive cocci in these body fluids. 

These findings have obvious therapeutic implications. They raise 
the question of the comparative susceptibility of gram-positive cocci 
to streptomycin and to penicillin, also of the feasibility of combining 
the two agents. In TABLE 8 are listed the sensitivities of a collection 
of gram-positive cocci to streptomycin and to penicillin. It will be 
noted that no correlation exists between the two antibiotics. The pre- 
ponderance of penicillin-resistant cocci is explained by the fact that 
the patients from whose wounds they were isolated had had prolonged 


* Food and Drug Administration. 
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courses of penicillin therapy. The findings suggest that the mechanism 
of action of streptomycin differs from that of penicillin. Only 5 of 
‘the 49 organisms were resistant to both penicillin and streptomycin. 
The practical importance of this finding is the implication that strep- 


TABLE 3 


Comparison or In Vitro AcTION oF STREPTOMYCIN AND PENICILLIN ON GRAM- 
PositivE Coccr 


\rganism and |Streptomycin Penicillin sensitivities 


number of sensitivity Oxford u/ec 
strains S” u/ee 019u/ec .039 .078 .156 .312 .625 1.25 2.50 2.5+ 
taph. albus (1) 5 + | 
“4 & (1) 128 Sk 
taph. “hey ; 
non-hem. 2) sD. 
Bee (ay) 1 se + + 
“ ~ (1) 128 a 
taph. aureus 
; Beaeeine (3) 5 “SM” + ; die 
4 : (10) 1 St aD Serpe ear sea qPSPae 
pyr 2 + -++ 
« « (4) 4 
: : Sadateat at 
(1) 8 + 
Bee « (i) 128 = 
‘g i (2) 128 a= ai 
strep. viridans 
alpha \ (1) 2 2s 
« “ (1) 8 oa 
4 = 1 (2): 16 iat ee 
2 ¥2.1 (3) 32 rari 
od a (1) 128 == 
Strep. hem. 
beta (1) 8 ag 
“ “ (2) 16 sae 
Strep. non-hem. 
gamma| (2) _16 aah 
ae Sy = os ne 
« « |Q@) 128 eS 


tomycin may be of therapeutic value in infections due to penicillin- 
resistant cocci. Furthermore, we have found that subinhibitory 

_-amounts of streptomycin and penicillin, when combined, are additive 
in their action. Therapeutic advantage might, therefore, be gained by 

_ giving the two drugs simultaneously, if indicated by the clinical and 
laboratory findings. This would combine the additive effect of the 
two drugs, together with the greater effectiveness of penicillin against 
gram-positive cocci in the presence of blood. 
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Data presented in TABLE 1 indicate that, if the aerobic pathogenic 
bacteria of surgical infections are to be effectively controlled, levels 
of 8 or more units per ccm. of streptomycin must be maintained in the 
blood. A group of patients was given 400,000 units (0.4 gm.) of strep- 
tomycin, intramuscularly, every four hours. Blood serum levels deter- 
mined on specimens drawn immediately prior to a scheduled dose re- 
vealed 8 to 16 units per ccm., 16 units being more usual after the first 
6 doses of streptomycin had been given (TABLE 4). In the urine, levels 


TABLE 4 


Srrepromycin Buioop AND Urine Levets or Patients Recervine 400,000 Units 
I.M. Every 4 Hours 


Case Blood, Serum Urine 
4 4-16 u/ce 168-1170 u/ce 
6 8-16 384-1178 
7 8-16 413-1190 
9 8-16 , 448-— 896 
alt 4-8 435-1177 
13 4-16 819-1229 
5 8-16 74— 221* 
15 16 2000 plus ** 


* Practically non-functioning kidney (diodrast). 
** Fluid intake restricted to 2500 cem./24 hours. 


of more than 500 units per ccm. were common, provided renal function 
was not impaired. The concentrations of the drug in the urine were 
considerably higher if the urinary output was restricted by limiting 
the fluid intake. 


BATTLE WOUND INFECTIONS 


This dosage scheme has been adopted for the treatment of surgical 
infections. In addition, in some cases, local application of strep- 
tomycin, in solution, or in an ointment base containing 5,000 units per 
gram, has been employed. The group thus treated consists of 36 pa- 
tients, the majority of whom had chronic osteomyelitis. The others 
were chronic and acute soft part or sinus tract infections. 


Illustrative Case Reports 


Case 1: A 27 year old soldier sustained, on 19 November, 1944, a 
gunshot wound of the lower third of the left leg, with fracture of both 
bones, and subsequent osteomyelitis. Two sequestrectomies were 
done: one on 24 May, 1945, and the other on 24 October, 1945. The 
patient had several courses of sulfadiazine as well as of penicillin, but 
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the progress of the infection was unchecked. Cultures showed a 
: hemolytic Staphylococcus aureus, Paracolon bacillus, and Bacillus 

subtilis, which were sensitive to 1, 4, and 8 units per ccm. of strep- 
_tomycin, respectively. On 5 November, two weeks after the second 
sequestrectomy, he was given streptomycin intramuscularly, 400,000 
units, every four hours for 4 days. In addition, the drug was applied 
locally in an ointment base containing 5,000 units per gram. Parenteral 
streptomycin was discontinued on the fifth day, because of nausea and 
vomiting. Local administration of streptomycin was continued. The 
bacteria disappeared from the wound, within the first week, and un- 
complicated wound healing was achieved three weeks later. To date, 
there is no clinical or roentgenological evidence of bacterial activity. 

Comment: This case may be considered a streptomycin success, as 
an adjuvant to surgery, in apparently controlling the infection. 


Case 2: A 22 year old soldier was shot in the right lower abdomen, 
17 May, 1945, with the wound of exit over the left iliac crest. He ar- 
rived at the Halloran General Hospital, 15 August, with a left inguinal 
colostomy, and a sinus opening in the left flank, which was draining 
profuse amounts of foul-smelling pus. Study of the tract by lipiodol 
visualization showed an extensive osteomyelitis of the 5th lumbar 
vertebra, penetration of the joint space between L5 and S-1, and in- 
volvement of the sacrum. He had lost 80 pounds of weight since the 
injury. Culture of the pus showed Pseudomonas aeruginosa, Bacillus 
proteus, Staphylococcus aureus, anaerobic hemolytic streptococci, and 
Clostridium sporogenes. The aerobic organisms were sensitive to 16, 
16, and 2 units per ccm., respectively, of streptomycin. He was given 
400,000 units of streptomycin intramuscularly every four hours, start- 
ing 13 October, for 10 days, in addition to streptomycin solution (5,000 
units per ccm.) instillations and infusions into the sinus tract. Blood 
serum levels of 8 to 16 units per ccm. were maintained. No improve- 
ment resulted. While under treatment, he passed several small se- 
questrae through the sinus tract. 

Comment: This case emphasizes the need for surgical cleaning-out of 
necrotic bone and thick sinuses, to render the organisms accessible to 
“streptomycin. Dead tissue is non-sterilizable. The case illustrates 
the futility of employing streptomycin in infections where necrotic tis- 
sue is present and the blood supply is inadequate. 

Case 3: A 27 year old white male, on 14 April, 1945, sustained a 


penetrating shrapnel wound of the right lower abdomen, a simple 
fracture of the right lower three ribs and paralysis of the left femoral 
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nerve. He entered the “Streptomycin Ward,” 24 September, for 
recurrent infection in the left groin, associated with imbedded shell 
fragments, culture of the wound showing Bacillus proteus, Staphylo- 
coccus aureus, and other organisms. There was drainage from an 
incisional wound in the left thigh. The infection had not been elimi- 
nated by previous penicillin, sulfadiazine, and surgery. Because of 
the apparent localization of the infectious process, local streptomycin 
therapy was tried first. Daily instillations of streptomycin solu- 
tion or ointment resulted in progressive clinical improvement, but 
without sterilization of the wound. By 24 October, the wound was 
“healed.” Two days later, however, the patient had a chill with fever 
and complained of diffuse pain in the left hip, which localized later 
in the groin. On 28 October, he was started on a 4-day course of 
streptomycin, intramuscularly, 400,000 units every four hours. On 
the second day of therapy, a deep abscess erupted through the wound 
scar and drained profusely for two days. Local streptomycin was 
continued in the wound after the systemic drug was discontinued. The 
patient again improved steadily, until the 8th of November, 11 days 
later, when another inflammatory reaction with fever, malaise, and 
pain occurred. A second abscess formed and was drained. The drug 
was given parenterally once more, and was continued for 8 days. This 
time, sterilization of the wound was achieved and the wound is healed, 
with no recurrence to date. 


Comment: This case illustrates the failure of local therapy to con- 
tact all the reaches of a complicated wound infection, and the failure of 
a short course of systemic therapy to achieve a successful result. It 
also serves to emphasize that, in these chronic infections with tissue 
damage, foreign. bodies, and mixed bacterial flora, it is necessary to 
give large doses of streptomycin for a long period of time. An inter- 


esting feature is the observation that the bacteria did not become 
drug-fast. 


Case 4: This patient, on 7 February, 1945, sustained a penetrating 
mid-thigh wound resulting in foreign bodies in the hip joint, compound 
comminuted fractures of the head of the femur, septic arthritis of the 
hip joint, and retroperitoneal infection. At the time of presentation 
for streptomycin treatment, 26 September, 1945, he had drainage from 
the right ear, from sinuses in the median cystostomy wound, and from 
the exploratory scar over the lateral aspect of the right hip, which 
had failed to respond to local and systemic penicillin therapy. 

Cultures of all wounds were essentially the same, growing Bacillus 
proteus, Bacillus aerogenes, hemolytic Staphylococcus aureus, and 
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- Clostridia. The aerobes were-sensitive to 8, 2, and 1 units per ccm. of 
streptomycin, respectively. Local therapy was employed, resulting in 
prompt cessation of drainage from the right ear and from the sinus of 
the hip. The suprapubic wound also closed rapidly, only to reopen 
several days later, with release of pus under tension. Apparently, 
there was pooling deep in the space of Retzius, with sealing off by the 
~ healed overlying structures. The local therapy had failed to make con- 
tact with a deep focus of infection. He was then given three days of 
systemic therapy, and the wound promptly stopped draining and healed. 
There has been no recurrence of infection, and the wounds have re- 
mained healed. 

Comment: This case, like the preceding one, emphasizes the impor- 
tance of combined systemic and local therapy to clear infection from 
chronic, thick-walled, poorly-vascularized sinus tracts. Pus must be 
drained. Streptomycin will not cause it to disappear. The advantage 
_ of combined local and systemic therapy lies in the high concentrations 
of drug delivered to the site of the lesion. 


Discussion 


These illustrative cases represent serious infections of from four to 
eighteen months duration, in which the treatment, prior to strep- 
tomycin, had included prolonged chemotherapy, especially sulfon- 
amides and penicillin, locally, systemically, and in combination, with- 
out success. They typify a group of chronic indolent infections in 
which dead tissue is always present, bone is usually involved, foreign 
bodies frequently are present, and complicated, burrowing sinus tracts 
into surrounding soft part structures are sequelae. Usually, there is a 
putrid, purulent wound exudate. Cultures yield a polymicrobie, flora 
of mixed gram-positive and gram-negative organisms, both aerobic 

“and anaerobic. It is frequently impossible to tell which are the con- 
taminants and which are the true etiological agents. All are symbiotic 
infections due to several organisms. In the majority of instances, the 
gram-positive bacteria have become penicillin-fast. 

In selecting patients from such a group for streptomycin therapy, 
it is imperative to employ the drug in conjunction with, or as soon as 
possible after, removal of foreign bodies and devitalized tissue. Pus 
must be drained. The drug must penetrate all reaches of the disease, 
in inhibitory concentrations which must be maintained long enough to 
eliminate infection. Otherwise, reinfection will occur as soon as the 


bacteriostatic effect of the drug is spent. 
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INFECTIONS OF THE URINARY TRACT 


The efficacy of streptomycin in the treatment of infections in the 
genito-urinary tract, in 18 patients with neurogenic bladders due to 
spinal cord injuries, was evaluated. These patients are notoriously 
subject to a variety of urinary tract infections, including pyelonephritis, 
cystitis, urethritis, periurethral abscess, prostatitis, and epididymitis. 
These complications have been treated heretofore, with variable suc- 
cess, with other urinary tract antiseptics. Removal of suprapubic 
tubes with closure of cystostomy wounds, the discontinuance of re- 
peated catheterization, together with the establishment of an auto- 
matic bladder, sometimes lead to spontaneous subsidence of the infec- 
tion. Other infections may clear up following removal of calculi. In 
patients with upper urinary tract infections, bed rest, forcing of fluids, 
and elevation of the foot of the bed in order to promote peristalsis of 
the ureter and ballottement of the kidneys, are valuable adjuvants to 
specific treatment. However, a substantial number of infections are 
resistant to all these measures. 

The organisms causing urinary tract infection in these patients are, 
in the order of frequency: Streptococcus non-hemolyticus, Proteus 
vulgaris, Aerobacter aerogenes, Escherichia coli, Klebsiella pneu- 
moniae, Pseudomonas aeruginosa, Staphylococcus aureus, and Strep- 
tococcus hemolyticus. In nearly all cases, more than one organism is 
present in the infected urine or pus. The non-hemolytic streptococcus, 
which heads the list of organisms, is insensitive to penicillin and to the 
sulfonamides. Most of the other organisms are gram-negative bacilli 
which, also, are resistant to penicillin and the sulfonamides. In con- 
trast, all groups, both gram-positive and gram-negative, are inhibited 
by concentrations of streptomycin which readily can be achieved in the 
urine by parenteral administration. 

We have treated 18 patients with varying doses of streptomycin. 
All but one patient had traumatic transverse myelitis with paraplegia 
and neurogenic bladder, and secondary urinary tract infection. The 
patient without the spinal cord injury was a 51 year old white male 
who had prostatic hypertrophy, and multiple diverticula of the bladder, 
with urinary retention and chronic cystitis. The infection persisted 
after diverticulectomy and prostatectomy, in conjunction with peni- 
cillin and the sulfonamides. The patient’s symptoms consisted of 
marked urgency, burning on urination, frequency of urination aver- 
aging 10 times a day, and nocturia averaging about 8 times a night. 
Culture of the urine showed Bacillus proteus, Aerobacter aerogenes, 
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and Streptococcus non-hemolyticus, which were sensitive to 64 units, 
8 units, and 16 units of streptomycin per ccm., respectively. This pa- 
tient received 200,000 units of streptomycin, intramuscularly, every four 
hours for 18 doses, the total dosage being 3,600,000 units. After the 
first day of treatment, the nocturia was reduced to 8 times a night, and 


TABLE 5 


ANALYSIS OF BACTERIAL FLORA IN URINE oF PATIENTS BeFrorE AND AFTER TREATMENT 
WITH STREPTOMYCIN 


ape Number of Number at Number 
Organism organisms before conclusion of 2 weeks after 


treatment treatment treatment 


A. Cases 1 to 7 inclusive, treated with 200,000 units of streptomycin every 4 hours 


for 3 days. 
Strep. non-hemolyticus ft 6 5 
B. proteus 7 5 6 
A. aerogenes 4 0 2 
E. coli 3 1 1 
Ps. aeruginosa 2 0 0 
K. pneumoniae 1 0 0 
Staph. aureus 1 1 0 


B. Cases 8 to 13 inclusive, treated with 150,000 units of streptomycin every 3 hours 
for 3 days. (Case 13 received 200,000 units every 3 hours for 3 days.) 


Strep. non-hemolyticus 6 6 6 
B. proteus 6 4 5 
A, aerogenes 3 0 1 
K. pneumoniae 3 1 3 
Ps. fluorescens 1 0 1 
E. coli 1 1 1 
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C. Cases 14 to 18 inclusive, treated with 375,000 units of streptomycin every 3 hours 
for 3 days. (Case 18 received 400,000 units every 3 hours for 3 days.) 


Strep. non-hemolyticus 
B. proteus 
A. aerogenes 
K. pneumoniae 
E. colt 
Staph. aureus 
Strep. hemolyticus 
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_the urgency and burning were definitely decreased. By the third day 

- of treatment, the patient was completely asymptomatic. At the con- 
clusion of treatment, urine culture revealed only Streptococcus non- 
hemolyticus. Two weeks after the conclusion of treatment, the urine 
was sterile. This patient was still asymptomatic two months later. 


Comment: This patient was the only one in this series of urinary 
tract infections who did not have a neurogenic bladder. He had no 
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urinary obstruction, at the time of treatment, no calculi, and required 
no catheterization. The favorable result obtained with streptomycin 
must be considered in the light of these circumstances, when compared 
with the other cases in this group. 

Twelve patients with spinal cord injuries were treated, for 3 days, 
with streptomycin doses of either 200,000 units every four hours or 
150,000 units every three hours. In contrast to the above case, in only 
one instance was the urine sterilized, and even then reinfection oc- 


TABLE 6 
CHANGE IN SENSITIVITY OF ORGANISMS TO STREPTOMYCIN FOLLOWING TREATMENT 


In vitro sensitivity 
(Units per cc.) Total dosage 
Case Organism | = of drug 

Prior to | Two weeks after administered 
treatment treatment 

3 | B. proteus 4 64 3,600,000 units 
A, aerogenes 32 32 

4 | B. proteus weg 16 | 3,600,000 units 
Strep. non-hem. 16 16 

5 | A. aerogenes 128 over 128 3,600,000 units 
B. proteus 16 16 
Strep. non-hem. 16 16 

6 | B. proteus 16 over 128 3,600,000 units 

7 | B. proteus 8 over 128 3,600,000 units 

Strep. non-hem. 16 over 128 

9 | B. proteus 16 8 3,600,000 units 
A. aerogenes 16 16 

10 | B. proteus 2 8 3,600,000 units 
Strep. non-hem. 8 less than 0.5 

11 | B. proteus 4 over 256 3,600,000 units 
Ps, fluorescens 8 over 256 
Strep. non-hem. 4 8 

12 | B. proteus 4 over 256 3,600,000 units 
Strep. non-hem. 4 over 256 


_ curred within two weeks. In the other cases, some of the bacteria dis- 
appeared during treatment, only to reappear after treatment. These 
patients had, variously, one or more of the following complications 
which, we feel, contributed to the failure of streptomycin therapy to 
achieve complete and lasting sterilization: suprapubic cystostomies, 
urinary calculi, indwelling catheters, or residual urine requiring 
catheterization. 
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On the basis of this experience, the dosage of streptomycin was in- 
creased to 375,000 units every three hours for 24 doses, a total of 9,000,- 
000 units. In five patients treated with this dosage, the urine was 
sterilized in all, except that the non-hemolytic streptococcus persisted 
in two cases. TABLE 5 illustrates vividly the striking effect on the 
; bacterial flora of the larger doses, as compared with the smaller doses. 

However, it is to be noted that reinfection with some bacteria occurred 
in all cases, regardless of dosage, emphasizing the role of calculi, open 
wounds, and residual urine, in the failure of streptomycin to achieve 
complete and permanent sterilization of the urinary tract. 

Bacteria in the urinary tract rapidly acquire resistance to strep- 
tomycin (TABLE 6). Inadequate treatment, whether due to insufficient 
dosage, or presence of the other causes for reinfection already enumer- 
ated, may lead to the rapid development of drug-fastness. We, there- 
fore, feel that streptomycin is contra-indicated in the presence of supra- 
pubic fistulae, urinary calculi, residual urine, mechanical obstruction, 
or any condition requiring repeated catheterization. The drug should 
be reserved for such time as these conditions are corrected. Inter- 
estingly enough, the development of drug resistance was not found as 
consistently in our group of infections in battle wounds, except with 
Pseudomonas aeruginosa. 


BACTERIEMIAS 


The third group of cases which we studied consisted of four patients 
with bacteriemia. 


Case 1: This patient was a 22 year old paraplegic who, on 20 June, 
1945, suddenly developed an acute illness manifested by repeated 
severe shaking chills and a “spiking” temperature which reached 106.8°. 
On the fourth day of the illness, blood culture was reported positive 
for an organism in the Friedlander-Aerogenes group. Streptomycin 
therapy was begun with an intravenous dose of 1,000,000 units, dis- 
solved in 300 cem. of 5% glucose in normal saline. In addition, the pa- 
tient received 250,000 units, intramuscularly, every 90 minutes, the 
total daily intramuscular dosage amounting to 4,000,000 units. The 
temperature subsided by lysis, becoming normal on the sixth day of 
treatment. On the eighth day of treatment, the temperature rose to 
101.6°, and patient developed a generalized morbilliform rash. Strep- 
tomycin was then discontinued, with the result that the temperature 
subsided promptly, and the rash disappeared. Daily blood cultures 
taken during the illness were all negative subsequent to the institution 


of streptomycin therapy. 


194 ANNALS NEW YORK ACADEMY OF SCIENCES 


Comment: The bacteriemia was controlled by the large dosage of 
streptomycin employed. The secondary rise in temperature which 
occurred on the eighth day, and the rash, may be considered as toxic 
reactions caused by the drug. 


Case 2: This was a 24 year old paraplegic, who developed repeated 
shaking chills and fever on 1 July, 1945, the temperature rising to 105°. 
Two blood cultures, taken during different chills on 3 July, 1945, were 
reported positive for an organism in the Friedlander-Aerogenes group. 
Streptomycin therapy was begun on 4 July, 1945, with intramuscular 
doses of 200,000 units every four hours, amounting to 1,200,000 units 
daily. Although blood cultures became negative, the chills and fever 
persisted unchanged for 3 days. The dose was then increased to 
300,000 units every 3 hours, the total daily dose amounting to 2,400,000 
units. This was followed by a slow drop in the temperature to 101°, 
but the patient continued to have several mild chills daily. On 13 
July, 1945, streptomycin was discontinued. The temperature promptly 
increased, and the chills became more severe. On 20 July, 1945, an 
intravenous pyelogram revealed the presence of a calculus in the right 
ureter. On the next day, ureteral catheterization was done, and about 
100 cem. of thick foul creamy pus was aspirated from the right ureter. 
Culture of this pus revealed Bacillus proteus. A blood culture taken 
on the previous day grew the same species, but no Aerogenes-Fried- 
lander organism. 

On 21 July, 1945, streptomycin therapy was resumed on a dosage 
schedule of 375,000 units every three hours, the daily dosage amounting 
to 3,000,000 units. Ureterolithotomy was performed, on 24 July, 1945, 
following which the temperature subsided, and the patient made a clin- 
ical recovery. Streptomycin was discontinued on 27 July, 1945, the 
patient having received a total of 37,350,000 units. 

At the onset of the illness, the following bacteria were cultured from 
the urine: Klebsiella pneumoniae, Bacillus proteus, Escherichia coli, 
and Streptococcus non-hemolyticus, each sensitive to 16 units of strep- 
tomycin per cc. K. pneumoniae and E. coli disappeared within one 
day after institution of specific therapy, but B. proteus and Strep- 
tococcus non-hemolyticus persisted throughout and after treatment. 
Tests after the conclusion of treatment showed that the growth of B. 
proteus was not inhibited in vitro by 50,000 units of streptomycin per 
cc. In other words, the resistance of B. proteus to streptomycin, in 
this case, had increased from 16 units per ccm. to over 50,000 units 
per cem. 
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Comment: The relative ineffectiveness of streptomycin, in this case, 
contrasts sharply with its effectiveness in the former case. The lack 
of response may be attributed partly to small early dosage, but chiefly 
to the failure to evacuate pus from the ureter and to remove the cal- 
culus obstructing drainage, until late in the course of the disease. The 
marked increase of resistance to streptomycin of B. proteus, because 
~ of inadequate treatment, is noteworthy. 


BRUCELLOSIS 


Case 1: A 30 year old bacteriologist was admitted tq the hospital, 
27 July, 1945, complaining of “high fever” and “weakness” of two days 
duration, preceded by a mild diarrhea. The fever persisted and blood 
cultures were positive on 3 different occasions, for Brucella meliten- 
sis, which was determined to be sensitive in vitro to 1 unit of strep- 
tomycin per ccm. Streptomycin therapy was instituted, 11 August, 
1945, the patient receiving 200,000 units, intramuscularly, every four 
hours for 10 days. The fever subsided by lysis, becoming normal on 
the eighth day of treatment. On 22 August, 1945, a thrombophlebitis 
of the deep veins of the left leg developed, but subsided gradually. On 
8 September, 1945, the patient developed pneumonia, which responded 
promptly to penicillin. 

Two other febrile episodes, associated with malaise and generalized 
lymphadenopathy, occurred during September, 1945. In October, 
1945, another such episode occurred, during which blood cultures again 
were positive for Brucella melitensis. Streptomycin therapy was 
resumed, the patient receiving 333,000 units every four hours for 10 
days. The febrile course was unchanged, the temperature fluctuating 
daily up to 102° F. However, blood cultures became negative. The 
streptomycin level in the blood was 16 units per ccm. The temperature 
“returned to normal, one day after cessation of treatment, but rose 
again, after a short interval. 

Comment: Streptomycin was undoubtedly a failure in this case, 
which showed the typical exacerbations and remissions to be expected 
in undulant fever. 


TYPHOID FEVER 


Case 1: A 24 year old soldier developed classical signs and symptoms 
of typhoid fever, confirmed by positive blood and stool cultures. 
Streptomycin therapy was instituted in the third week of the illness, the 
patient receiving 500,000 units intramuscularly and 160,000 units orally, 
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every four hours for six days. Stool and blood cultures were still 
positive, 24 hours after institution of therapy, but were negative there- 
after. Although the patient’s clinical appearance seemed to improve, 
the temperature persisted throughout the treatment, and subsided later 
by lysis. 

Comment: Although the cultures became negative, and the clinical 
appearance improved, the temperature persisted, as in the usual course 
of this disease. The role of streptomycin in the patient’s recovery is 
difficult to evaluate. 


DRUG REACTIONS 


We have noted no serious reactions to streptomycin therapy. In 
several cases, generalized morbilliform eruptions have occurred (PLATE 
8), with or without a febrile reaction, eosinophilia, and albuminuria. 
These cleared up promptly, on discontinuance of the drug. In many 
cases, a reducing reaction has been observed in the urine. This reac- 
tion is due, chiefly, to the presence of streptomycin itself in the urine 
(PLATE 9). Some batches of the drug cause a transient drop in sys- 
tolic and diastolic blood pressure, without accompanying symptoms. 
We do not feel that these reactions contraindicate further drug admin- 
istration, if the patient’s condition justifies. it. 


CONCLUSIONS 


1. Streptomycin inhibits the growth of gram-negative and gram- 
positive pathogenic bacteria. The Colon and Friedlander’s group are 
especially sensitive, while the Proteus, Aerogenes, and Pyocyaneus 
groups are more resistant to this drug. 

2. Non-hemolytic streptococci and hemolytic staphylococci require 
4 to 8 times more streptomycin to inhibit their growth when human 
blood, plasma, or serum is added to the media. 

3. Though there is no correlation of the sensitivity of organisms to 
penicillin and streptomycin, subinhibitive doses of each, when com- 
bined, have an additive effect. 

4. To combat aerobic, pathogenic bacteria of surgical infections, a 
sustained minimum blood concentration should be not less than 8 units 
per ccm. ‘To accomplish this, 400,000 units of streptomycin should be 
given intramuscularly every four hours. In surgical infections, treat- 
ment should be continued for 7 days or longer; in genito-urinary in- 
fections, for 3 days or longer. 
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5. The importance of adequate surgery is emphasized, if streptomycin 
therapy is to succeed in eliminating infection when dead tissue, collec- 


tions of pus, foreign bodies, calculi, and thick-walled sinus tracts are 
present. 


6. Too small a dosage, too short a course of treatment, or failure to 


evacuate pus, calculi, sequestrae, or foreign bodies, predispose to the 
prompt development of drug-fastness. 
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PLATE 8 


Generalized morbilliform eruption in reaction to streptomycin therapy; 8th 
day of administration; 0.4 gm, every four hours, intravenously. 


Asansol. ¥. ; sc 
xnats N. Y. Acap. Sct. Vou. XLVIII, Art. 2, Puate 8 


ES OF STREPTOMYC IN 


PULASKI AND OTHERS: CLINICAL US 


Vou. XLVI, Art. 2, Puate 9 


Annas N. Y. Acap. Scr. 


XZ O99000G SuTI 


Beu oogs0e auyayQ 


,28U 9900IT sUujuy 


Beau Toryuod euya., 


XT 990005 08k 


Bau 9990008 O23: 


32u 02090T O8k 


Zeu TaI1Ud0d OE 


PULASKI AND OTHERS: CLINICAL USES OF STREPTOMYCIN 


 ——s ee ee 
a= 


- CLINICAL EXPERIENCES WITH PENICILLIN 
IN THE NAVY*{ 


By Werner W. DuEMLING 
q Commander, MC-V(S), U.S. N. BR. 


In March, 1945, the Penicillin Committee of the National Naval 
Medical Center’ published a comprehensive report on the treatment 
with penicillin of 1,455 cases, for fifty different clinical entities. The 
unrestricted availability of penicillin, since that time, has encouraged 

medical officers to utilize this chemotherapeutic agent in a variety of 

~ conditions. — This report, including the figures from the National Naval | 
Medical Center, has raised the number of reported conditions under 
treatment with penicillin to sixty-five, and the aggregate of patients 

treated, to 17,879. In order to make this a comprehensive picture of 
the use of penicillin, in the Navy, not only my own experiences in the 

treatment of syphilis, gonorrhea, and dermatologic conditions have 
been utilized, but the published reports of Naval Medical Officers the 
world over have been freely drawn upon, and some unpublished data 
from colleagues in special fields have been included. 

The history of the discovery of penicillin and its later development 
as a practical chemotherapeutic agent is now well known to the medical 
profession and will not be reviewed. Likewise, it is beyond the scope of 
this paper to delve into the chemistry or pharmacology of the drug. 
It shall, therefore, only summarize its clinical application, as it has 
been used in the Navy. 


CLINICAL APPLICATION OF PENICILLIN 


_ Penicillin in Pneumonia, Lung Abscess, Bronchiectasis, Empyema, 
4g Acute Pleurisy, and Pleural Effusion*** 

In this group, a total of 1,694 cases, including two cases of influenza 
bacillus pneumonia, was treated with penicillin alone, or in combina- 
tion with sulfonamides and supplementary procedures. In primary, 

-" atypical pneumonia, penicillin was of definite value in combating 
secondary bacterial invaders, reducing the febrile period, and lowering 
the number of sick days. In lobar and bronchopneumonia, using a 


* based on 17,879 cases treated for sixty-five clinical entities. ta 

‘ake atide has been released for ublication by the Division of Publications of the Bureau of 
Medicine and Surgery of the United States Navy. The opinions and views set forth in this article 
are those of the writer and are not to be construed as reflecting the policies of the Navy Department. 
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minimal dose ranging from 409,000 to 2,084,000 units, depending on the _ 


type and complication present, success was more consistent when 
penicillin was used immediately, rather than after the delay incurred 
by the prior use of a sulfonamide. In the latter instance, larger doses 
were needed and more failures encountered. A marked reduction in the 
development of complications was noted, when the initial dose consisted 
of 200,000 units, intravenously given in 200 ccm. of 5% glucose and sa- 
line, followed by 100,000 units intravenously every two hours. A slow 
clinical response was the indication for giving an additional intra- 
venous dose of 200,000 units, every four to six hours, as a booster. 
Excellent results with this time-dosage relationship were achieved in 
two cases of influenza bacillus pneumonia, an organism which, hereto- 
fore, has not been considered susceptible to penicillin. This method of 
administration, together with the limitation of fluids, produced high 
blood levels, and obviated pulmonary edema. An appreciable number 
of complicating empyemas escaped surgery, after intrapleural instilla- 
tions of penicillin. Four pneumonias, complicated by rheumatic fever, 
responded, without improvement in the status of the rheumatic fever. 

Although chemotherapeutic measures have not altered the funda- 
mental principles for surgical drainage, in frank empyema or lung 
abscess, the early and effective use of the former have, to a degree, 
eliminated the need for the latter. In a group of 37 cases of strep- 
tococcal empyema, 29 responded to aspiration, with the instillation of 
20,000 units of penicillin intrapleurally, after each aspiration, and an 
additional dose of 5,000 units I.M., every three hours. The average 
number of hospital days, for the aspirated cases, was 84.5 days. In 
contrast to this, the requirements of the eight patients who were treated 
surgically were in excess of 167 days. 

Of four cases of lung abscess, two responded to penicillin alone, 
while two required surgical drainage, in addition. In all instances, the 
toxemia was reduced, and the course of the disease shortened. 

One case of acute fibrinous pleurisy, in which the cause was not 
determined, responded promptly to penicillin within 48 hours. Ex- 
cellent results were obtained, in a case of severe unilobular bronchiecta- 
sis, by daily bronchial lavage and intrabronchial instillation of peni- 
cillin or sulfonamide solutions, after more conventional methods of 
treatment had failed. The use of this method is suggested for those 
cases in which surgery is not advisable or desired. 

From the accumulated evidence at hand, one fact can be emphasized: 
that, in pneumonia, the mortality and complications are reduced if 
penicillin is used early and in preference to the sulfonamides. Not only 
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is it the drug of choice, in pneumococcal, staphylococcal, and strep- 
tococcal pneumonia, but evidence is also accumulating that its use is 
justified in primary, atypical pneumonia. 


Meningitis and Meningococcemia” **"** 


This study comprises fifty-four cases, in which the meningococcus 
was the offending organism in forty-six; the pneumococcus, in six; and 
the streptococcus, in two. The unquestioned value of penicillin, for 
the treatment of meningococcal infections, has been well established, 
particularly since it offers the added advantage of bringing about a 
satisfactory response, when the sulfonamides fail, and supplants the 
latter, in the treatment of patients in whom sulfonamide therapy is 
contraindicated. All of the meningococcus-meningitis cases responded 
to the systemic administration of relatively minimal doses of penicillin 
(total of 40,000 units, over a period of 8 hours, to a maximum of 250,- 
000 units, over a 48 hour period), with an additional injection or two, 
intrathecally, of 10,000 units. 

Regardless of whether penicillin or sulfadiazine is used in the treat- 
ment of meningococcic infections, it is imperative that prompt, ade- 
quate blood levels be established and maintained, because, when death 
occurs during the first three or four days, it is from the septicemia 
rather than the meningitis. In order to conserve valuable time, and 
in the interest of saving lives, it has been the established practice, at 
the U. 8. Naval Hospital, San Diego, to institute concurrent sulfa- 
diazine and penicillin therapy, rather than to exclude one or the other, 
or postpone treatment until bacteriologic study involving the penicillin 
sensitivity of the isolated organism has been completed. These meth- 
ods are time-consuming, and more expensive than the small amount 
of penicillin necessary to determine whether it will be of value in the 
_ particular case. Response is usually prompt, when the drug is of any 
~ value, and can be discontinued when the bacteriologic and clinical 
signs of improvement become well established. 

It has, also, been found that penicillin, administered systemically, 
can diffuse into spinal fluid in adequate concentration during the course 
of severe meningitis. For this reason, intrathecal therapy has been 
practically discontinued for almost a year. However, especially when 
early treatment has been neglected, failure of the patient to improve 
after accepted forms of treatment, coupled with failure of establish- 
ment of adequate blood levels, should always suggest the possibility of 
spinal block. In this event, the more direct approach through the 
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cisterna magna, with the administration of penicillin, cisternally, after 
drainage of fibrinopurulent material, has been found to be of value 

. and devoid of danger. Forcing of fluid, beyond maintaining a urinary 
output of 1500 ccm. per day, is not necessary. In fact, it is believed 
that restriction of fluids is of definite value, in production of the bi- 
‘lateral effect of maintaining higher blood levels of the drug, and fore- 
stalling pulmonary edema, which was, without exception, a post- 
mortem finding. 

The cases of meningococcemia deserve special consideration, because 
they showed a mortality of 70 per cent. Of the survivors, one case of 
meningococcemia was complicated by gangrene of fingers and toes, 
which led to residual deformities of the terminal phalanges of three 
fingers. Within twelve to forty-eight hours of penicillin therapy, 
definite improvement, with recovery of consciousness, decreased rigid- 
ity of neck, and sharp decline in fever, was noted. Intramuscular peni- 
cillin was used, from 5 to 10 days, in a dosage of 30,000 units, every 
2 or 3 hours; and intrathecal penicillin, for 3 or 4 days, in a dosage 
of 10,000 units in concentration of 1000 units per ccm., every twelve 
hours. 

In a case of meningococcemia with arthritis, penicillin therapy was 
instituted, 14 days after intensive sulfadiazine therapy failed to con- 
trol a persistent meningococcemia with acute arthritis of both knees. 
After 10 days of penicillin, intramuscularly, in dosage of 15,000 units 
every 3 hours, the fever declined by lysis, and the arthritis subsided, 
after initial aspiration. The blood culture remained positive for a 
type I meningococcus, for the first seven days, and recovery was com- 
plete, although arthritic manifestations persisted for an additional 
6 weeks. 

The other case of fulminating meningococcemia with purpura 
(Waterhouse-Friderichsen syndrome) survived, with massive doses of 
penicillin (46 million units total) , restriction of fluid intake to 2500 cem. 
daily, and sulfadiazine. This case was complicated by gangrene of 
nine toes, which were later amputated. 

Out of this entire group of 54 cases, there were 9 deaths, distributed 
as follows: Seven cases of meningococcemia, one of pneumococcic 
meningitis in a 58-year old man, and one case of meningococcus 
meningitis who expired 38 hours after admission, and in whom necropsy 
disclosed suppurative meningitis, secondary hydrocephalus, and edema 

.of the brain and lungs. (He had received 300 cem. of additional 
fluids, daily.) 
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Scarlet Fever, Erysipelas, Cellulitis, and Stomatitis» *°~° 


This group includes a comparative study of two thousand cases of 
scarlet fever which were hospitalized, from 1943 to 1945. From 1943 
to 1944, the sulfonamides were employed routinely, and penicillin de- 
ferred for 48 hours, when it was started because of failure of response 
to the sulfonamide or the development of a complication jeopardizing 
the patient’s life or prompt recovery. During this year, there were 
seven deaths. In the thousand cases observed, during 1944 to 1945, 
penicillin was not deferred, but given early in a dosage of 25-50,000 
units intramuscularly, every two to three hours. Critically ill patients 
received 100,000 units intramuscularly, every hour or two, until the 
crisis was passed. There was one death, in this latter series. 

The cases of cellulitis included infection of the jaw and neck, fol- 
lowing extraction of a tooth; diffuse, deep maxillary cellulitis, second- 
ary to infection of the submaxillary gland, following blockage of the 
duct by three calculi; and two cases of infection of the hand, following 
human bite. Bacteriological studies, in these cases, revealed mixed 
infections with the streptococcus, non-hemolytic Staphylococcus aureus, 
diphtheroids, and beta-hemolytic streptococcus. All responded to 
penicillin therapy, without surgical interference, including the deep 
submaxillary cellulitis, in which surgery is usually advocated. The 
total dosage varied, from 720,000 units to the 2,050,000 units which 
were administered in a case of Ludwig’s angina. The bite infections 
responded to a total dosage of 1 million units, given by the intramus- 
cular route, and were completely healed in ten days. In this connec- 
tion, penicillin-blood plasma powder, applied directly to infected 
wounds, has been observed to be highly effective in controlling purulent 
discharge and promoting healthy granulation tissue. Tt combines bac- 
teriostasis with excellent nutrients for tissue regeneration. 

Penicillin, when administered for erysipelas, stomatitis, and Vin- 
cent’s angina, gave uniformly good results. In forty-one cases of the 
latter, twenty-nine were cured with a total dose of 200,000 units, given 
at the rate of 10,000 units intramuscularly, every three hours. The 
remainder cleared, after a second course given the following day. The 
average number of hospital days was decreased to five, in these cases, 
as compared with twenty-three, for those treated by all other methods 
(TABLE 1). 


Otorhinolaryngology” 20, 21 


In the special field of diseases of the ear, nose, and throat, partic- 
ularly in otitis media and its complications—sinusitis, pharyngitis, 
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tonsillitis, and suppurative pharyngeal lesions—penicillin, both sys- 
temically and topically, is by far the drug of choice. Most often, these 
conditions are caused by penicillin-sensitive organisms, and the early 
and adequate use of penicillin has appreciably reduced the incidence of 
serious and often fatal complications. As a rule, acute otitis media 


TasLe 1* 


Curnicau Data IN 41 Penicttuin-Treatep Cases or VINCENT’S ANGINA 


Areas Involved 
Tonsils | Gums ume Totals 
tonsils 

Number of cases involving 25 13 3 41 

- Cases cured by 200,000 units 15 11 3 29 

Cases cured by 400,000 units 10 1 1 12 

Average hospital days after start of penicillin 6 4.5 4.5 5.4 
History of previous attacks, failure of other 

treatments 13 4 1 18 


* Reprinted from Twining, H. E., et al. U. S. Naval Med, Bull. 45: 481. 1945. 


responded, in 2 to 4 days, with continuous intramuscular injection of _ 


200,000 units per day, some becoming afebrile in 24 hours. In those 
complicated by mastoiditis necessitating surgical drainage, the prior 
use of penicillin permitted of a simple mastoidectomy, and the con- 
tinued systemic use of penicillin after surgery, together with the in- 
stillation of penicillin solution into the wound, brought about prompt 
healing of the middle ear and complete healing of the wound, in 8 days. 

Maxillary sinusitis responded rapidly to the topical use of penicillin 
following irrigation, and, not infrequently, this form of therapy changed 
a frankly purulent to a mucoid discharge, in 24 hours, with prompt 
cessation of local discomfort. In the more severe infections, the addi- 
tional systemic administration of penicillin is advocated. In one case 
of acute ethmoiditis, complicated by orbital cellulitis and septicemia, 
the response to penicillin, given intramuscularly at the rate of 20,000 
units every 3 hours, was dramatic, after a total dose of sulfadiazine of 
310 grams and two blood transfusions in two days failed to improve 
the clinical course of the disease. The temperature dropped from 
105° F. to 102.6° F., in 24 hours, and free drainage from the nostril 
was established. Five days after penicillin therapy was started, the 
orbital abscess was incised and drained, followed by complete recovery. 


—— 
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The Staphylococcus aureus was recovered from the nasal drainage, the 
blood stream, and the orbital abscess. 
Because of a gradual rise of complicating mastoiditis, in a large series 
of cases of otitis media, and the apparent failure of sulfonamide 
therapy, a program of penicillin therapy was instituted, with striking 
and gratifying results (TABLE 2). The incidence of mastoiditis dropped 


TABLE 2 
IncwENcE or SuraicaL MASTOIDITIS AND COMPLICATIONS OF Otitis Mepia 


(From von Christierson, 8.” U.S. Naval Med. Bull. 45: 920. 1945.) 


Month Otitis media | Mastoidectomies | Per cent Complications 
August 1943 51 2 4.0 0 
September 91 7 Cet 2 
October 64 i Ne 0 
November ~ 58 5 8.6 il 
December 123 17 13.8 0 
January 1944 113 30 26.5 7 
February 120 20 16.6 5 
March 186 23 12.4 6 
April 123 *34 27.6 5 
May 113 7 6.2 2 
June 87 6 6.8 0 
July 90 6 6.6 1 
Totals 1,219 157 12.9 29 


* One patient who had mastoiditis with cerebellar abscess and petrositis was not 
operated upon. 


from 27.6 per cent, in one month, and only four patients who had re- 
ceived adequate penicillin therapy developed surgical mastoiditis. 
Adequate treatment consisted of continuous treatment for four days, 
prior to the onset of signs and symptoms of mastoiditis. 


Penicillin in Ophthalmology” ” 


In the field of ophthalmology, penicillin has both a local and systemic 
use. Mild conjunctivitis, blepharitis, and superficial ulcer responded 
to the instillation of penicillin in a concentration of 500 units per ccm., 
supplemented by penicillin ointment. Systemic therapy, however, is 
indicated in gonorrheal ophthalmia, orbital cellulitis, and intraocular 
infections. In one case of severe iridocyclitis, penicillin was used, with 
complete recovery, after atropinization, continuous hot compresses, 
topical applications of sulfanilamide powder to the conjunctival sac, 
and intravenous typhoid therapy had been used, without improvement 
in the condition. After two days of intramuscular penicillin, at the 
rate of 20,000 units every three hours, the ciliary injection was defin- 
itely lessened, and the pupil was well dilated. The patient was dis- 
charged as cured, 2 weeks after admission. 
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Appendicitis and Peritonitis» 2% 


Penicillin, in a dosage of 20,000 units every two hours for 5—7 days, 
was found effective in controlling peritonitis associated with ruptured 
appendix, in seven cases. In general, however, the smaller dosages 
will not prevent the formation of intraperitoneal abscesses. Twenty- 
five patients, with extensive contamination of the peritoneal cavity, 
were treated with doses of 100,000 units given intramuscularly every 
2 hours for 2 days; then, 50,000 units, every 2 hours for 2 days; followed 
by 50,000 units, every four hours for 2 days; and finally, 25,000 units, 
every four hours for 2 days; a total dosage of 4,500,000 units, in 8 days. 
The treatment was followed by prompt recovery, without intra-abdom- 
inal complications, and with no residual abscesses. The high initial 
dose was felt advisable, in order to overcome the penicillin-neutralizing 
effect of the Escherichia cola. 

In two cases of intestinal obstruction with peritonitis, following rup- 
ture of the small intestine, penicillin was unsuccessful, in one, and its 
action was indeterminate, in the other. In both cases, the intestinal 
flora was predominantly gram-negative. 


Brain Abscess?# 


Penicillin has been found to be a valuable adjunct to surgery, but 
is not, in any sense, a substitute for surgery, once a brain abscess be- 
comes established. In six cases in which the sulfonamides had been 
used in adequate dosage, for a period of five to seven days, without 
abatement of symptoms, the introduction of penicillin brought about 
prompt improvement, and five survived, after surgical drainage (TABLE 
3). Bacteriologic studies revealed the hemolytic streptococcus, hem- 
olytic Staphylococcus aureus, and a non-hemolytic streptococcus, as 
the offending organisms. 


Penicillin in the Treatment of Yaws?2* 26 


During the past year, the Medical Department of the Navy has 
been conducting a study of the efficacy of penicillin in the treatment 
of yaws, among the natives of Samoa. 

Of the cases treated to date, 60 were of early yaws, 30 of late yaws, 
and 19 were unclassified. Cases classified as early received 20,000 
units of penicillin intramuscularly, every 3 hours for 8 days, and the 
late cases received the same dosage, for 21 days. The total doses were, 
therefore, 1,280,000 units and 3,600,000 units, respectively. The un- 
classified cases were treated during a preliminary phase of the in- 
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vestigation and received total doses ranging from 200,000 to 3,200,000 
units. 

The early cases, with generalized, fresh, granulomatous lesions, were 
cured, clinically, more rapidly than were the later cases, with destruc- 
tive types of lesions. Patients with generalized, fungating yaws, whose 
lesions were teeming with spirochetes, were cured, clinically, in 5 to 
7 days. The late lesions, some of which had been present for long 
periods of time, healed at about the same rate as would any clean 
surgical wound. Pinch skin grafts, which took readily, were applied 
to some of the more extensive ulcers, in order to shorten the time of 
convalescence. Roentgenographic studies, in one case of yaws in- 
volving bone, showed that the destructive process had been checked 
by penicillin, and that there was an excess of dense, osseous tissue, at 
the site of the old lesion. 

Darkfield studies demonstrated that the spirochetes disappeared, 
from the early lesions, within an average of 14 hours, and from the 
late lesions, in 13 hours. Darkfield examinations were negative, in 3 
late cases of long standing which had been treated with neoarsphen- 
amine and bismuth, without clinical improvement. These cases healed 
under penicillin therapy. 

Four of the unclassified cases, treated during preliminary studies, 
are of unusual interest. Two of these patients were apparently cured 
with total doses of only 200,000 units, administered intramuscularly 
in doses of 5,000 units, at intervals of 3 hours. In one of these, the 
Kahn test was essentially negative, one year following treatment. A 
third case showed the usual prompt bacteriological and clinical response 
to penicillin administered over a period of 5 days (total dose 400,000 
units). The Kahn test, which had been strongly positive, was nearly 
negative after six months. One year, later, the patient developed a 
typical, raised granuloma of early yaws, in which spirochetes were 
found. The Kahn test, again, became strongly positive. It was con- 
cluded that this child had again acquired yaws, after having been cured 
of the original infection. A fourth patient, in the unclassified group, 
_was the only therapeutic failure in the entire series of 109 cases. Al- 
though the darkfield examination was negative, after 24 hours, and 
the lesions healed, the Kahn test remained strongly positive. Four 
months later, there was a recurrence of foul, punched-out ulcers over 
the upper extremities and back, but these lesions showed no trepone- 
mata, on darkfield examination. The reason for the failure of penicillin 
and for the persistency of unusually destructive and extensive lesions, 
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in this case, is not clear. (The etiology of these lesions was not com- 
pletely established.) — ; 

Quantitative Kahn tests, performed at intervals of 3 weeks, showed, 
in general, a very slow reduction in titer and considerable fluctuation. 
The only exception was in the single therapeutic failure, previously 
described. The shortest time required for the Kahn test to become 
negative, in this series, was 5 months. In view of the similarity of 
Treponema pallidum and T. pertenue, the marked difference in rate 
of serological response is puzzling. Quantitative testing of sera from 
these patients will be continued, at appropriate intervals. 

In summary, it may be stated that, during a relatively short period 
of observation, penicillin has proved highly effective in the treatment 
of yaws. Clinical response has been prompt, while serological re- 
sponse has been very slow and irregular. Final evaluation cannot be 
made until these patients have been followed over a longer period of 
time. 

The method of administering penicillin used in this study required 
hospitalization. If it were adequate to give one daily dose of the 
drug by employing absorption-delaying methods, or if oral adminis- 
tration should prove effective, it might be possible to treat natives with 
penicillin on an out-patient basis. Mass treatment of natives, in the 
past, has been largely an administrative problem, which required 
weekly injections of arsenical or bismuth compounds and careful 
follow-up observations, with treatment at definite intervals, for a 
period of years. Whether or not mass therapy with penicillin can 
be made practical, remains to be seen. 

A case of generalized yaws, in a white man, responded to penicillin 
given intramuscularly, at the rate of 15,000 units every 3 hours, for a 
total dose of 1,500,000 units. Spirochetes could not be demonstrated in 
the lesions, 18 hours after treatment was begun; all lesions, except 
~ the ulcer, were healed in 5 days; and the ulcer itself, in 18 days. The 
blood Kahn reaction was positive, before the treatment was begun, and 
was still positive, when the patient was discharged from the hospital 
after 5 weeks of treatment, becoming negative one week later. 

A total of 110 cases has now been reported, all showing prompt re- 
sponse, but final evaluation cannot be made, until these patients have 
been under observation for a longer period of time. 


Diphtheria” 


A study of 30 cases of diphtheria and diphtheria carriers revealed 
that penicillin does have a bacteriostatic effect on the Corynebacterium 
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diphtheriae. The daily dosage of penicillin from which the best result 
was obtained was 100,000 units. Four patients responded to the 100,- 
000-unit daily dosage, and one patient failed to respond. Of 20 pa- 
tients treated with a 50,000-unit daily dosage, 12 (60%) had negative 
throat cultures, and 8 (40%) did not respond. Six of the patients 
who failed to respond to 50,000 units of penicillin daily did respond 
to a second course, consisting of 100,000 units daily. Three patients, 
treated with 25,000 units of penicillin daily, had throat cultures per- 
sistently positive for Corynebacterium diphtheriae; two of these re- 
sponded to a second course, consisting of 100,000 units. 


Gonococcus Urethritis? °*-** 


In this series of cases, 11,328 male patients, with gonococcus in- 
fection of the urethra, were treated, more than 50% of whom were 
classified as sulfa-resistant. A number of different schedules of dosage 
were followed, as well as routes of administration. Initially, the drug 
was given by continuous intravenous drip. Then, intramuscular in- 
jection, with or without local instillation of dilute penicillin solution 
into the urethra, was employed. No advantage was found in the local 
administration; hence, this method was discarded. The schedule found 
effective was 20,000 units given intramuscularly, every 3 hours, for 
five doses. This total dose of 100,000 units resulted in cure in 98% of 
the cases. Furthermore, in the 2% which were recorded as initial fail- 
ures, cure was obtained by administering an additional 100,000 or 
200,000 units. No case was found in which the gonococcus was com- 
pletely resistant to penicillin. Although, in our series, the rate of re- 
lapse, after initial treatment, was a trifle higher, all responded on re- 
treatment, which, in some cases, included the use of sulfadiazine (TABLE 
4). Recently, more effective results have been obtained with a dosage 
of 25,000 units given intramuscularly, every 3 hours, for 6 doses. The 
early detection of penicillin-resistant strains, in any case, and the 
prompt modification of therapy to meet individual needs, have possi- 
bilities of reducing to nil the already low percentage of failures, and 
eliminating the potentiality of further enhancing the resistance of the 
organism under treatment. A further and final refinement in our 
armamentarium will be the determination and use of that fraction 
of penicillin that exhibits the greatest activity against the gonococcus. 

A series of cases, in which the diagnosis was nonspecific urethritis, 
prostatitis, epididymitis, pyelonephritis, and infections such as wound in- 
fection and balanitis, has been improved by penicillin therapy, in 85% 
of the cases. Clinical evidence of response to treatment is quite 
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definite, if penicillin is of value in the particular type of organism, and 


the response comes about with the use of comparatively small amounts 
of the drug. 


TABLE 4 


RESULTS WITH PENICILLIN THERAPY IN VENEREAL DisEAses* 


Cases Treated Number Relapsed 
Month Lympho-|| Gono- 
1945 Syph-| Chan-| gr coccus Chan- 
ilis | croid | uloma ure- croid 
thritis 
May e3 . ere 42 Pree fe Oe. 
June C72 me wet 43 prt ae 
July ee 0? 61 0 
August oat wre 39 0 
September 62 1 30 0 
October 59 i 36 0 
November 95 5 40 0 
Total 568 24 291 0 


* Compiled from reports of all activities, Eleventh Naval District. 


Five per cent of gonococcus urethritis cases treated with penicillin showed relapse. 
Four per cent of syphilis cases treated with penicillin showed relapse. 
‘All cases responded on re-treatment. 


Penicillin in Dermatology and Syphilology” *” 36 


Of the 892 syphilis patients treated in this series, 32 showed evi- 

dence of clinical or serologic relapse. 

The present routine for treatment can be summarized: 

1. Early syphilis: 40,000 units, every 3 hours, for 60 doses; a total 
of 2,400,000 units, during a period of 744 days. 

2. Latent syphilis: 40,000 units, every 3 hours, for 100 doses; or a 
total of 4,000,000 units, in 121 days. 

3 Central nervous system syphilis: 40,000 units, every 3 hours, for 
200 doses; a total of 8,000,000 units, in 25 days. This is con- 
cluded with 10 units of artificial fever therapy, accompanied by 
10 intravenous injections of 60,000 units each. 

In cases of uncomplicated primary sores, it was extremely gratifying 

to note the disintegration and disappearance of the Spirocheta pallida 
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from the local lesion, in from 744 to 10 hours, and complete healing of 
the lesion, in from 3 to 15 days, depending on its size and/or a com- 
plicating phimosis. Reactions were encountered, in 10% of the cases, 
consisting of rise in temperature, urticaria, generalized pruritus, and 
Herxheimer reactions (50%). Fever ranged up to 105° F. and, in- 
terestingly enough, usually reached its peak after the third eon 
when most of the spirochetes had disintegrated and disappeared from 
the local lesion. 

Penicillin is certainly the best drug ever made available for the 
treatment of syphilis, when judged on the basis of safety, better tolera- 
tion, rapid sterilization of the infection, with disappearance of the 
treponema from the local lesion, and reversal of both blood and spinal 
fluid serologic findings. From the organized, nationwide, govern- 
mentally-sponsored studies, from which definitive results may be ex- 
pected rapidly to emerge, will come the answer of the optimum methods 
of its use; whether alone, or in combination with other forms of 
treatment. 

About 400 patients with various skin conditions have been treated 
with penicillin, locally or systemically. The pyodermas, including 
impetigo and sycosis vulgaris, responded nicely to the drug, employed 
either systemically or locally. Furunculosis was controlled, tem- 
porarily, by systemic treatment, while the following were not affected: 
acne vulgaris (except the secondary pustular elements) , erythema mul- 
tiforme, mycosis fungoides, dermatitis herpetiformis, eczema, fungus 
infections, and scabies. In cases of acne associated with cyst forma- 
tion, gratifying results in involution of the cysts, without the usual 
disfiguring scarring, has been achieved by draining the cystic cavities, 
followed by the instillation of penicillin and infiltration around the 
cyst. It has also been my observation that, in certain types of vesicu- 
lar and bullous infections of the hands oad feet, complete involution, 
with exfoliation of the epidermis, followed by rapid healing, occurs 
with entirely non-specific therapy. This suggests the possibility of 
development in situ of antibiotic substances by bacteria, and is worthy 
of further investigation. 

Phagadenic ulceration, which occurs commonly among the natives 
in most tropical countries, and which ranks second only to malaria 
as a@ principal cause of death, responded to the local application of 
penicillin, in a series of 18 cases. In some cases, healing progressed 
so rapidly that skin grafting was not necessary. Bacteriologic studies 


revealed the presence of spirochetes and fusiform bacilli, often in pure 
culture. - 
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Penicillin was also found effective in 24 cases of chancroidal infec- 
tion, although it failed to cure three experimental cases, possibly be- 
cause of inadequate dosage. 


Miscellaneous” ®* °7-47 


Penicillin was found to be ineffective, in tuberculosis, lymphosarcoma, 
carcinoma, infectious mononucleosis, chronic ulcerative colitis, leuk- 
emia, brain tumor, rheumatic fever, malaria, filariasis, mumps, 
coccidioidomycosis, and agranulocytosis. 

One case of acute suppurative pericarditis was successfully treated 
with intrapericardial penicillin and systemic chemotherapy. In all, 
100,000 units of penicillin, in 5 daily doses of 20,000 units each, were 
instilled into the pericardial sac, following pericardial paracenteses, 
combined with the systemic administration of sulfadiazine and 1,740,- 
000 units of penicillin. 

Another case can also be added to the growing list of successful man- 
agement of subacute, bacterial endocarditis with penicillin. The drug 
was continued, in a dosage of 10,000 units, every 4 hours, for 7 days 
following remission of fever, and the treatment was further supple- 
mented by supportive measures, including repeated transfusions of 
whole blood. But, as has been pointed out by other investigators, 
some patients have recurrences, as long as 6 to 9 months after treat- 
ment. It is, therefore, too early to pass final judgment, in this case. 


SUMMARY AND CONCLUSIONS 


1. Herewith is presented a study and review of the use of penicillin, 
either alone, or with conjunctive therapy, in sixty-five different clinical 
entities, aggregating 17,879 patients. 

__ 2. The source of this material, in addition to that of the author’s, is 
entirely from the work and previously published and unpublished re- 
ports of physicians in the Naval Medical Service. 

3. Problems of dosage are discussed, and more recent observations 
on the effectiveness of penicillin in influenza bacillus pneumonia and 
primary atypical pneumonia are presented. The restriction of fluids, 
beyond maintaining a urinary output of 1500 ccm. per day, is advo- 
cated for its definite value in maintaining higher blood levels and 
forestalling pulmonary edema. 

4. Penicillin, administered systemically, diffuses into spinal fluid 
in adequate concentration, during the course of severe meningitis. 
However, since both penicillin and sulfadiazine are highly successful 
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in the treatment of meningococcal infections, no categorical decision 
can be made between the two. In order to conserve valuable time, and 
in the interest of saving lives, the initial concurrent use of both drugs 
is advocated, while awaiting completion of bacteriologic studies. Since 
pulmonary edema was a post-mortem finding, without exception, re- 
striction of fluids would seem to be advisable. 

5. In the specialties of otorhinolaryngology, ophthalmology, derma- 
tology, and in the control of wound infections, penicillin has a definite 
place, both topically and systemically. 

6. Penicillin is not a substitute for the surgeon’s scalpel, in appendi- 
citis or brain abscess, but is a valuable adjunct in counteracting intra- 
abdominal complications in the former, and promoting a lower mor- 
tality rate in the latter. 

7. Yaws responds promptly to penicillin therapy, but final evalua- 
tion, in the treatment of this disease, awaits the test of time. 

8. Although the results with penicillin, in gonorrhea and early 
syphilis, are better than with any drugs hitherto available, further and 
final refinements in the treatment of these diseases await the deter- 
mination of that fraction of penicillin that exhibits the greatest activity 
against the gonococcus, and optimum methods of its use in syphilis, 
whether alone or in combination with other forms of treatment. 

9. The observation of the rapid involution of vesicular and bullous 
infections of the hands and feet, without specific therapy, is worthy 
of further investigation, from the standpoint of the development in situ 
of antibiotic agents produced by bacteria. 

10. In addition to those already mentioned, this study points out 
further problems awaiting solution, such as: the use of penicillin in 
prophylactic therapy; the value of high blood levels, in conditions 
thought to be unresponsive to penicillin; the slowing up of its absorp- 
tion, and the further development of its oral use; the elimination of 
variability in potency of the drug, and the need for an expression of 
dosage in grams, rather than the present unit designation. 


BIBLIOGRAPHY 


1. Craig, W. M., et al. 
1945. Penicillin: A progress report based on 1455 cases treated at the National 
Naval Medical Center. U.S. Naval Med. Bull. 44: 453-479, 
2. we Cc. ‘f 
. Penicillin in the tre: 
eae ors of streptococcal empyema. U. S. Naval 
3. Allison, S. T. 


1945. Penicillin in primary atypical ia; 7 
Med Drake cnt aS pneumonia; report of 28 cases. U. S. 


13. 
14. 


15. 


16. 
17. 
18. 
49. 


20. 
21. 


22. 


23. 


DUEMLING: PENICILLIN IN THE NAVY 217 


. Short, J. J. 


1944. Penicillin in the treatment of primary atypical pneumonia; report of 
nine cases. U.S. Naval Med. Bull. 48: 974-980. ? Ta 


. Larsen, F. 8. 


1945. regia in primary atypical pneumonia. U. 8. Naval Med. Bull. 


. Flynn, S. E. 


1944. Penicillin in the treatment of empyema following lobar pneumonia. 
U.S. Naval Med. Bull. 43: 353-354. cS AY pneumonia 


. Moore, F. H., & J. W. Thompson 


1945. Intrabronchial instillation of penicillin or sulfonamide solutions, with 


bronchial lavage, in treatment of severe bronchiectasis. U. 8. Naval 
Med. Bull. 45: 1097-1103. 


Holley, W. W. 
Personal Communication. 


. Craig, W. M., et al. 


1945. Penicillin: A progress report based on 1455 cases treated at the National 
Naval Medical Center. U.S. Naval Med. Bull. 44: 453-479. 
Lueck, A. 8. 


1945. Penicillin in pneumonia. Bu. Med. News Letter 5: 10. 
Lueck, A. G., & C. O. Edge 
1945. Penicillin in pneumonia. U.S. Naval Med. Bull. 44: 480-485. 


. Miller L. T., & C. W. Ross 


1944. Cerebrospinal fever treated with cisternal administration of penicillin. 
U. 8. Naval Med. Bull. 43: 1023-1024. 

Rosenberg, D. H., & P. A. Arling 

1944. Treatment of cerebrospinal fever with penicillin. U. S. Naval Med. 
Bull. 43: 281-287. 

Trombley, R. A. ; ihe oe 
Penicillin in pneumococcic and _ streptococcic meningitis. Personal 
communication. 

Trombley, R. A. : 

enicillin in scarlet fever. Personal communication. 

Vance, D. H., & G. P. Whitelaw : ‘shi 

1945. Diffuse deep submaxillary cellulitis treated by penicillin. U.S. Naval 
Med. Bull. 45: 542-545. 

Twining, H. E., H. W. Szylejke, & R. A. Kern 

1945. Penicillin in the treatment of Vincent’s angina. U. S. Naval Med. Bull. 
45: 479-481. 

Alexander, A. D. : Pre 

1945. Ludwig’s angina treated with penicillin. U. S. Naval Med. Bull. 


45; 965-966. 

Delaney, C. J. 

1945. Penicillin in human bite infections. U. 8. Naval Med. Bull. 43: 1020- 
1022. 


von Christierson, 8. 

1945. Penicillin in otitis media. U. S. Naval Med. Bull. 45: 919-925. 

Wickstrom, O. W., & H. M. Hebble | ‘ : 

1944, Acute suppurative ethmoiditis with orbital abscess and septicemia 
treated with penicillin. U. S. Naval Med. Bull. 43: 1379-1380. 

Harner, C. E., & J. G. Smith Fe 

1944. Severe ‘iridocyclitis treated with penicillin, U. S. Naval Med. Bull. 
43; 546-548. 

Crile, George, Jr., & J. R. Fulton sole 

1945. pais, with emphasis on the use of penicillin. U.S. Naval Med. 
Bull. 45; 464-473, 


218 


24. 


25. 
26. 
27. 
28, 


29. 


30. 


31. 


32. 


33. 


34, 


35. 


36. 


37, 


38. 


39. 


40. 


41 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Furlow, L. T. ’ ‘ 
1945. Penicillin as an adjunct to surgery in the treatment of brain abscess. 


J. Southern Med. Assn. 38; 312-320. 
Gordon, J. K. 


1945. Penicillin in Yaws. Bu. Med. News Letter. 6: 7-9. 

Lofgren, R. C. 

1044 Penicillin in Yaws. U.S. Naval Med. Bull. 43: 1025-1030. 

Skinner, J. WW. - ; 

1945. Penicillin in persistent diphtheria. U.S. Naval Med. Bull. 45: 264-266. 
Seelig, C. A. 


1945. Gonorrheal ophthalmia, treatment with intraocular penicillin. U. S. 
Naval Med. Bull. 44: 389-390. 
Menville, J. G., & C. W. Ross 
1944, Penicillin in sulfonamide-resistant gonorrhea. U.S. Naval Med. Bull. 
43: 423-428, | 
Pardoll, D. H., & R. L. Dennis ke 
1944. Chemotherapy, pyrotherapy and penicillin in the treatment of gonorrhea. 
U.S. Naval Med. Bull. 43: 988-996. 
Menville, J.G., & C. W. Ross 
1944. Penicillin in sulfonamide-resistant gonorrhea. U.S. Naval Med. Bull. 
43: 997-1000. 
Twiss, J. R. : é ; 
1944, Penicillin in treatment of rheumatic fever and gonococcal infections. 
U.S. Naval Med. Bull. 43: 1001-1009. 
Schwartz, W. M., & C. O. Edge ‘ ‘ 
1944. -Results of penicillin treatment of sulfonamide-resistant gonorrhea, sum- 
mary of 4,439 cases treated in United States Naval Hospitals, July 1943— 
March 1944. U.S. Naval Med. Bull. 43: 193-195. 
Ricchiuti, J. F., & W. B. Brett | , 
1945. ‘Treatment of gonorrhea with penicillin in a naval dispensary. U. S. 
Naval Med. Bull. 45: 520-523. 
Hamm, W. G., & G. Ouary 
1944. Penicillin therapy in phagedenic ulcer (tropical sloughing phagedena). 
Report of eighteen cases. U.S. Naval Med. Bull. 43; 981-986. 
Pereyra, A. J.. & S. Landy 
1944, Experimental prophylaxis and treatment of chancroidal infection, in- 
efficacy of penicillin administered intramuscularly. U. S. Naval Med. 
Bull. 43: 189-191. ‘ 
Michael, P., R. F. McLaughlin, & P. L. Cenac 
1944. Coccidioidemycosis, report of unsuccessful treatment with penicillin. 
U.S. Naval Med. Bull. 43: 122-124, 
Sprague, H. B., & L. K. Ferguson 
1944. Agranulocytosis treated with penicillin, report of case. U. S. Naval 
Med. Bull. 43: 1014-1016. : 
woreda, y C., A. H. R. Douglas, & H. Fink 
. Penicillin in malignant granulocytopenia, report of case. U.S. Naval 
Med. Bull. 48: 1017-1019. eee 
Allison, 8. T., & E. H. Loughlin 
1945. Acute suppurative pericarditis, successfully treated with intrapericardial 
ear and systematic chemotherapy. U.S. Naval Med. Bull. 44: 
re a Wye & F. W. McCarthy 
944. Subacute bacterial endocarditis successfully treated with icillin. 
U.S, Naval Med, Bull. 43: 1010-1013. se reagan 


PUBLICATIONS 
OF THE 
NEW YORK ACADEMY OF SCIENCES 


(Lycrum or Naturat History, 1817-1876) 


_ (1) The Annals (octavo series), established in 1823, contain the scientific con- 
‘tributions and reports of researches, together with the records of meetings of the 
Academy. The articles which comprise each volume are printed separately, each 
in its own cover, and are distributed immediately upon publication. The price of 
the separate articles depends upon their length and the number of illustrations, and 
may be ascertained upon application to the Executive Secretary of the Academy. 


_ (2) The Transactions, reestablished as Series II in 1938, contain extended ab- 

_stracts of papers presented before the regular sectional meetings of the Academy 

and other matters of general interest to Members, and are published monthly 
from November to vune, inclusive. 


- Current numbers of the Annals and Transactions are sent free to all Members 
3 of the Academy desiring them. 


(3) The Special Publications, established in 1939, are issued at irregular intervals 
as cloth-bound volumes. The price of each volume will be advertised at time 
of issue. 

ff 
(4) The Memoirs (quarto series), established in 1895, are issued at irregular 
- intervals. It is intended that each volume shall be devoted to monographs relating 
- to some particular department of Science. Volume I, Part 1, is devoted to Astro- 
~ nomical Memoirs, Volume II to Zoological Memoirs. No more parts of the 
Memoirs have been published to date. The price is one dollar per part. 


- (5) The Scientific Survey of Porto Rico and the Virgin Islands (octavo series) , 
established in 1919, gives the detailed reports of the anthropological, botanical, 
geological, paleontological, zoological, and meteorological surveys of these islands. 


Subscriptions and inquiries concerning current and back numbers of any of the 
publications of the Academy should be addressed to 


EXECUTIVE SECRETARY 
The New York Academy of Sciences 


Central Park West at Seventy-ninth Street 
New York, N. Y. 


RUDISILL AND SMITH CO., LANCASTER, PA. 


